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ABSTRACT
This work focuses on the production and characterization  of crosslinked 
products obtained from PS II preparations, with the aim  of b e tte r understanding the 
structural relationships betw een the m anganese stabilizing pro tein  (M SP) and the 
in terior an tenna protein CPa-1. Two oxygen evolving reaction cen ter (O E R C ) 
preparations, O E R C  complex and O E R C  core, produced various crosslinked prod­
ucts with the hydrophobic crosslinker dithio-bis-(succinimidyl propionate) (DTSP).
Crosslinking experim ents with O E R C  complex dem onstrated  that a close 
association of MSP to CPa-1 occurs, as both proteins w ere found to be present 
sim ultaneously in various crosslinked products revealed by one- and two-dim ensional 
electrophoretic and im m unoblotting techniques. T hese crosslinked products did not 
appear in preparations from which MSP had been removed.
T hese results confirm published work indicating an  association betw een MSP 
and CPa-1. To better understand  this association, a  100 kD a crosslinked product 
(100 XL) was characterized by cleavage with CNBr or formic acid (FA ), followed by 
im m unoblotting. Two-dim ensional diagonal LM W -LDS-PA GE of CNBr-cleaved 100 
XL dem onstrated  that several crosslinks occurred am ong fragm ents of MSP and 
CPa-1. Of these, the clearest exam ple was a crosslink between the large CNBr
xiii
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fragm ent o f MSP and the large C N B r fragm ent o f CPa-1. C onsistent with this, 
diagonal electrophoresis o f  FA-cleaved 100 XL established that a crosslink existed 
betw een the small FA fragm ent of MSP and an  « 9 kD a fragm ent o f CPa-1. 
Sequencing of a band containing these two crosslinked FA  fragm ents dem onstrated  
that they corresponded to the 9.6 kD a carboxyl FA fragm ent o f MSP, and to  the 8.0 
kD a FA fragm ent of CPa-1. W ithin these fragm ents, the lysine-containing segm ents 
only extend from  K 159 to K 236 for MSP, and from K418 to K438 for CPa-1.
The procedures established here should perm it the characterization  of o ther 
crosslinks show n to exist in the O E R C  complex. Thus, this w ork lays the  ground­
work for fu rther studies of the physical interactions am ong the O E R C  complex 
com ponents.
xiv




T he chloroplast thylakoid m em brane of photosynthetic organism s is the site 
for a series of reactions that involve the absorption of photons and the conversion 
of light energy into stable chem ical energy [274, 290]. This chem ical energy is 
s to red  in the products N A D PH  and ATP, whose form ation is carried out by several 
integral p ro tein  complexes. Active com ponents o f som e of these complexes are 
diagram m ed in Fig 1. This figure illustrates the so called "Z-schem e". w hereby the 
absorbed light energy drives electron  transport along three o f these p ro te in  com plex­
es, Photosystem  II (PS II), the C ytochrom e b f / f  complex (Cyt b(/ f ) ,  and Photosystem  
I (PS I). This Z  scheme shows com ponents located according to both position in the 
electron  transport pathways, and m idpoint electric potentials. The electron  transport 
chain com prises a series of proteins and their cofactors. The u ltim ate electron 
donor is w ater, which is oxidized to m olecular oxygen (see also section 4, donor side 
of PS II). T he electron flow may end  with the reduction o f N AD P (ultim ate elec­
tro n  acceptor) during non-cyclic e lec tron  transport, o r it may continue with the
1


















PHOTOSYSTEM II CYT b./f 
1 COMPLEX 1
PHOTOSYSTEM I
To C a lv l a  c y c l e  an d
C y c lic  ( I k u h  i r u s p * r t
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Figure 1. Cyclic and non-cyclic electron transport pathways, as coupled to photophosphorylation.
rereduction o f the Cyt b ^ f  complex by ferredoxin during cyclic electron transport. 
Coupled to this electron transport, a  H + gradient is form ed across the thylakoid 
m em brane [82, 138, 155, 214, 226, 227, 265a]. U pon dissipation of the H + gradient 
through the A TP synthase (C F0-CF[; a fourth thylakoid pro tein  complex), A D P is 
phosphorylated to A T P [110]. The products A TP and  N A D PH  are  ultimately 
consum ed in the chloroplast strom a during the fixation o f C O , via the Calvin cycle 
[52, 356; also see 141]. This reductive photosynthetic carbon cycle (C 3 cycle) is in 
close associa tion /com petition  with photorespiration (C2 cycle) [160, 289]. Fixation 
o f N H 3 via g lu tam ate synthesis also takes place in the strom a [160] by utilizing 
byproducts o f photorespiration (a -ketoglutarate and glutam ate), as well as ferredoxin 
and A TP (which are produced by the light reactions in the thylakoids).
The four integral protein  complexes m entioned above (PS II, Cyt b(/ f ,  PS I 
and A TP synthase) a re  em bedded  in the thylakoid m em branes, whose main lipid 
com ponents are glycolipids [49, 236, 261, 325, 358]. A lthough the function of these 
four m em brane pro tein  com plexes has been studied in g reat detail, the organization 
o f their individual com ponents and the relationship of the complexes to  the overall 
structure of the chloroplast m em brane is still under investigation. T hree areas that 
in the last few years have contribu ted  trem endously to the advancem ent in the 
understanding of PS II are: the sequencing of the genes that code for PS II proteins 
[e.g., see 135, 281, 305], the determ ination  of two- and three-dim ensional crystal 
structures of reaction centers [8, 26, 54, 71 - 73, 221, 222], and the developm ent of 
techniques to  isolate purified integral m em brane protein  complexes [22, 32, 55, 56,
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64, 73, 74, 85, 118 - 120, 166, 232, 245, 111, 353; reviewed in 124 & 139]. O f these 
th ree  areas, the  la tter may be considered a productive approach to study the struc­
tural organization of PS II, especially if it is com plem ented with the highly resolved 
structural inform ation provided by X-ray diffraction techniques, and by the am ino 
acid sequences o f the PS II proteins deduced from th e ir established gene sequences. 
Procedures to isolate som e integral m em brane p ro tein  com plexes are examined 
below, followed by a b rie f description of various PS II p reparations.
B. Isolation of four thylakoid protein complexes in a functional form.
It has been  possible to isolate, in highly resolved functional forms, all four 
integral thylakoid complexes: an Oxygen Evolving R eaction C en ter (O E R C ) core 
(an active form  of PS II) [106, 119], Cyt V /  [142- 159L PS 1 and ATP syn­
thase [19, 216]. Subsequently it was dem onstrated  that the essential com ponents of 
the ATP synthase can be reconstituted into active com plexes [19], and the three 
complexes participating in the light reactions (PS II, Cyt b (/ f  and PS 1) can also be 
reconstituted to an active chain capable o f catalyzing noncyclic electron  transport 
from  w ater to N A D P + w hen supplem ented  with soluble pro tein  cofactors [195]. The 
availability of these resolved complexes has perm itted  a detailed  exam ination of 
their structure-function relationships, both at the intra- and at the inter-com plex 
levels. O ne o f these com plexes, PS II, is exam ined below.
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2. Photosystcm II (PS II).
A. Background.
Fig 1 (page 2) shows PS II cofactors in re la tion  to the cofactors o f other 
integral m em brane pro tein  complexes involved in the light reactions of photosynthe­
sis [139]. The PS II complex absorbs light energy with ensuing physical separations 
o f charges [65, 270] and concom itant loss of electrons from PS II. T hese electrons 
are replaced with electrons from w ater, with the consequent evolution of 0 2, release 
o f H +, and the transfer of the electrons to the p lastoquinone pool, which then 
delivers them  to the Cyt b(/ f  complex [12, 20, 323]. A  variety of functional and 
structural studies of PS II has been possible due, in great m easure, to th e  develop­
m ent of various techniques conducive to the purification o f various PS II protein 
com plexes. A sum m ary of these purification techniques is shown in T able I.
B. Protein components of PS II.
M ore than 20 proteins are thought to  be associated with PS II [see 211], The 
m ain  pro tein  constituents of PS II are listed in Table 2. The intrinsic protein 
e lem ents in PS II m em branes are: a) T he light harvesting-chlorophyll a / b  complex
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T able 1. V arious PS II reaction center preparations, in increasing enrichm ent order.
P R E P A R A T IO N  # O F POLYPEPTIDES FO U N D  BY STAINING W ITH
Coomassie blue Silver
Thylakoids (Class II 
ch lo rop lasts)1
50 > 100
PS II m em branes2 20 35 -4 0
PS II core complex 
evolves oxygen)3 10 = 15
PS II core (evolves 
oxygen)4 7 = 12
D l-D 2-cyt bS59 core (does 
not evolve oxygen)5 4 = 8
R EFEREN CES: 1 [24], 2 [85, 194, 211, 351]. 3 [46. 118, 242, 273]. 4 [106, 118, 
119], s [55, 56, 64, 245, 335].
(LH C  II, p ro teins with MWobs = 24 -3 0  kD a and with a  Chi a /  Chi b ratio o f about 
1.2) [146, 357], This complex is involved in both the stacking o f m em branes [10, 
290] and the partitioning of energy between PS II and PS I [39, 41]. The latter is 
mostly carried ou t by the so called "mobile" LHC II, phosphorylated LHC II proteins 
which m igrate toward PS I and increase its light-harvesting capability [27, 30, 198, 
358]. b) A dditional Chi a /b  binding proteins associated with the distal or proximal 
an tennae (having a general Chi a /  Chi b ratio of 2 - 3), such as CP 29 [53, 128], CP 
26 and CP 24 [25, 86], and the 28 kD a Chi a-binding protein  [119]. c) T he two

















T ab le  2. M ajor protein components o f PS II.
Protein M W w * COFACTORS Preparation' Intrinsic Nuclear- o r Genef1






D1 32 - 34 Chi a, Pheo a, M g, Fe, Mn?, Ca? PS II core I C psbA




M g, Mn?, Ca? OERC complex I C psbB
CPa-2 43 - 45
/3-carotene 
Chi a, M g, Mn?, Ca? OERC complex I c psbC
D2 32 - 34
/3-carotene 
Chi a, Pheo a
phosphate'
M g, Fe, Mn?, Ca? PS II core I c psbD




Fe PS II core I c psbE
Cyt b5j9j8 4 - 5 Haem Fe PS II core I c psbF
10 kDa o f  OEC 10 ? ? OERC complex E c psbG
10 kDa phospho- 
protein 7 .7  - 10 ? phosphate' OERC complex I c psbH
4 .8  kDa I-poly- 
peptide 4.8 ? ? PS II core ? c psb l
3.9  kDa J-poly- 
peptide 3.9 7 7 ? 7 c psbJ
3 .9  kDa K-poly- 
peptide 3.9 7 7 PS II membranes 7 c psbK
PS II L-poly- 

















Continuation of Table 2.
M SP 3 0 - 3 3 ? M n?, Ca?, Cl? OERC complex E N psbO
23 kDa polypep­
tide o f OEC 23 - 24 ? Ca?, Cl? PS II membranes E N psbP
17 kDa polypep­
tide o f  OEC 1 6 -  17 ? Cl? PS II membranes E N psbQ
10.2 kDa PS II 
polypeptide 1 0 -1 1 7 7 PS II membranes E N psbR
LHC II 24 - 30 Chi a/b Mg, phosphate' PS II membranes I N cab ll
CP 29 29
Xantophylls 
Chi a/b Mg OERC complex I ? ?
CP 26 26 Chi a/b Mg OERC complex I ? ?
CP 24 24 Chi a/b Mg OERC complex I 7 7
Chi a-binding 
protein 28 Chi a Mg OERC complex I N? 7
N O T E S: 1 Molecular masses as generally determined in SDS-PAGE systems.
b The chlorophyll molecules contain the metallic cofactor Mg shown in the inorganic column.
c All the proteins found in the Nanba and Satoh core preparations [24S] are also found in OERC complex preparations (page 10), and thus 
they are not artifacts. By the same token, proteins found in OERC complex can also be found in PS □ membranes. 
d The 'psb '  gene denominations were adopted from a published proposal [135].
* The phosphates are the result o f phosphorylation o f one (or more?) protein residue(s) [30].
REFERENCES: D1 and D 2: [22, 210, 223, 245, 247, 277]. Cvt b „ n: [22, 149, 245, 277, 334]. CPa-1 and CPa-2: [42, 
139]. 10 kDa o f  O EC : [241]; in [293], PS II-G is described as a 24 kDa gene product o f  a psbG  gene in maize. 10 kDa 
phosphoprotein: [164]. 4 .8  kDa I-polvpeptide: [163, 335]. K-polvpeptide: [240]. L-polvpeptide: [165]. M SP: [109, 
182, 187, 189, 228, 262, 279, 310, 326], 23 and 17 kDa proteins o f  O EC : [172, 188, 267, 279], 10.2 kDa PS II 
polypeptide: [151, 201, 295, 296]. LHC II : [10, 78, 178, 237, 286, 290, 337], CP 29 : [53]. CP 26 and CP 24: [25, 
86], Chi a-binding protein: [119].
Some general references include [30, 124, 135, 139, 154, 305].
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proxim al an ten n a  pro teins CPa-1 and CPa-2, each binding betw een 20 and 25 Chi 
a  m olecules and about 5 P -carotenes [40, 42, 139]. C Pa-2 becom es phosphorylated, 
while CPa-1 does no t [220]. d) T he th ree  reaction cen te r core proteins, namely D1 
or herbicide binding protein, D2, and Cyt b5S9 [22, 64, 120, 232, 245, 277]. O f the 
last th ree  proteins, a t  least D1 and D 2  becom e phosphorylated in thylakoids [220].
In plants, extrinsic com ponents include th ree m ain hydrophilic proteins with 
apparen t m olecular m asses o f  17, 24 and  33 kD a [4, 203, 239], of which the latter is 
the so called M anganese-Stabilizing P ro te in  (M SP). Sm aller polypeptides appear to 
be extrinsic as well (see Table 2). In  cyanobacteria, ne ith er the 17 or 24 kDa or 
equivalent proteins a re  p resen t [172, 188, 192, 262, 267, 279].
3. Oxygen evolving reaction centers (OERC).
A. OERC complex.
An O E R C  com plex is usually obtained by treating  PS II m em branes [32, 188] 
with a non-ionic detergent such as octyl-P-D-glucopyranoside (O G P ), followed by 
differential centrifugation [46, 118, 119, 123, 166, 346]. A lthough yields tend to be 
low (= 10 %  of the Chi in PS II m em branes), the resulting particles contain 7 - 10 
m ajor polypeptides (T ables 1 and 2) and  are capable of high oxygen evolution rates.
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B. OERC core.
An Oxygen Evolving R eaction C enter core is normally attained  through 
chrom atographic procedures involving further trea tm en t of an O E R C  complex with 
ano ther non-ionic detergent such as dodecyl-m altoside (D M ) [119], or digitonin 
[106]. T hese core preparations contain 2 - 3 fewer polypeptides than O E R C  com ­
plex preparations (Table 1), but a re  m ore labile with respect to  their oxygen-evolv­
ing activity. These are the sm allest protein assem blages that evolve oxygen. Howev­
er, the yield of their isolation procedure is relatively low (= 15 % of the chlorophyll 
in O E R C  complex). The m ajor proteins associated with O E R C  core particles are 
CPa-1, CPa-2, D l, D2, MSP and Cyt bSS9, plus som e low m olecular mass proteins 
(Table 2).
F u rther elim ination of proteins render a minimal core constituted by D l, D2, 
Cyt b35y, and the 4.8 kD a product of psb l [22, 64, 120, 245, 277], Even though these 
core preparations cannot evolve oxygen, reduce plastoquinones or exhibit D or Z 
radical form ation (page 11), they are capable o f producing the prim ary charge 
separations between P6S0 and Pheo, thus showing a very limited (though interesting) 
portion of the total PS II activity.
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4. Donor side of PS II.
A. Background.
T he donor side of PS II is m ade up mainly by the so called Oxygen Evolving 
C om plex (O E C ). T he O E C  is a water-oxidizing com plex involved in the transfer o f 
electrons from w ater to P(l8Q+ (form ed during the prim ary charge separation). U pon 
absorp tion  of a photon by the an ten n a  chlorophylls, the absorbed energy is trans­
ferred to Pf)80, giving rise to P ^ ’ [29]. The excited electron of P ^ *  is then trans­
ferred to  pheophytin, and the prim ary charge separation  occurs: P6g0t Pheo ' [65, 
270]. P heo ' transfers its electron to  Q A, while P680+ is reduced by Z  (o r Yz, the side 
chain o f Tyr-161 on the D l polypeptide) [70, 218], such that the charges are further 
separated . Thus, this secondary separation  of charges (now located on Z + and Q A‘) 
prevents a charge recom bination betw een P heo ' and P6g0J'. The electron in Q A' is 
eventually transferred  to a second plastoquinone, Q n, to form Q B'. Both Q A' and 
Q B' in teract magnetically with a nearby non-hem e F e +2. Along with the reduction 
of Q B, Z + receives an  electron from the M n cluster of the O E C  complex, possibly 
through a histidine residue [35, 256]. Now the charges are fu rther separated  on Q B' 
and [M n]+, +,. T h e  Mn cluster seems to be a d im er of dim ers [68]. A fter a second 
photoact, the sam e sequence of charge separations takes place, except that Q B' 
becom es Q B'2 an d  the Mn cluster becom es [M n]+22+2. Q B'2 is then pro tonated , 
probably  via b icarbonate [175, 176, 294, 315, 345], forming P Q H 2. P Q H 2 leaves PS
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II and jo ins the reduced plastoquinone pool (Fig 1). A fter 2 additional photoacts, 
a second P Q H 2 is re leased  to the plastoquinone pool, while the Mn array becom es 
[M n]+4, +,. All four oxidizing equivalents ap p ear to be accum ulated in the Mn 
cluster [reviewed in 68] via the so called .§ states [76, 105, 184], which seem  to 
involve transitions o f  M n(II) to M n(III) and from  M n(III) to M n(IV ). These 
oxidation transitions are accom panied by structural rearrangem ents in the O E C  
[133]. T he four oxidizing equivalents a re  filled by four electrons taken from two 
m olecules of water, which are oxidized by the O E C  to produce a total of four H + 
[311], four electrons, and 0 2 [150], that returns the [M n]+\ +2 to an electroneutral 
state. T he form ation o f 0 2 by the O E C  m ight be accom plished by an elec­
tro n /p ro to n  pum p working through helix m ovem ents [343].
T h e  O E C  is associated with the lum enal side o f PS II [12, 20], and it is 
com posed of at least four extrinsic proteins: MSP, the 24-, the 17- and the 10 kDa 
proteins (Table 2). D l also appears to play a role in the O E C  structu re /function  
[162, 217, 219]. In addition, CPa-1 [42, 353] and som e sm aller polypeptides (Table
2) may be involved.
B. The extrinsic proteins and atomic "cofactors".
If PS II p reparations are  trea ted  with 1 M T ris buffer a t pH  9.3, MSP and the 
17 and 24 kDa extrinsic proteins are released from  these m em branes concom itantly
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with losses of both Mn (the 4 Mn atom s involved in oxygen evolution by PS II) and 
the oxygen-evolving activity [6, 7, 188, 348, 349], thus indicating that these three 
extrinsic proteins are com ponents o f  the 0 2-evolving complex. T hese th ree  proteins 
have a polarity of 47 - 49 % , dem onstrating their hydrophilic nature [349]. It has 
been suggested that both  the 17 and the 24 kDa proteins are distal to MSP, since: 
a) Incubation o f these PS II m em branes with 1 M NaCl causes dissociation of the 
17 and the 24 kDa pro teins (but not MSP) with partial loss of oxygen-evolving 
activity [190, 191]. b) T rea tm en t o f  PS II m em branes with O G P yields the O E R C  
complex (page 9), which includes MSP and lacks the 17 and the 24 kD a proteins, yet 
exhibits high 0 2-evolution rates [118]. c) C yanobacteria contain MSP in their PS II, 
but lack the 17 and 24 kD a proteins (or any equivalent) [192, 262]. d) Isolation of 
a PS II reaction center com plex has been  achieved by affinity chrom atography with 
MSP as ligand [168]. e) Crosslinking o f PS II com plexes produces crosslinks be­
tween the 17 kD a and the 24 kD a proteins, and betw een the 24 kD a pro tein  and 
MSP [92], MSP, in turn, appears to associate with CPa-1, CPa-2 and the D l-D 2-C yt 
b5S9 core (see page 17).
It has been concluded that the 17- and the 24 kD a [151, 154, 213], and the 10 
kD a [151, 154, 295] extrinsic proteins play structural and regulatory roles ra ther than 
being directly involved in the catalysis o f w ater oxidation. T he 17- and the 24 kDa 
proteins may be required  for binding or sequestering calcium  a n d /o r  chloride 
necessary for optim al oxygen evolution [4, 11, 13, 79, 121, 230, 243], and may also 
play a role in the preservation of the M n cluster [122]. T he th ree m ain extrinsic
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proteins (17- and 24 kDa and M SP) are rich in "free" lysine residues [349] and show 
very large dark-light acetic anhydride labeling changes [199], so such lysines have 
been  im plicated as being part of the array  of buffering groups involved in the  H + 
accum ulation that drives photophosphorylation [200]. See page 17 for m ore infor­
m ation about MSP.
With respect to atom ic cofactors of the O EC, Cl' plays a key role in the O EC 
activity [60, 212]. It was observed that C l' partially restores the oxygen-evolving 
activity o f PS II m em branes th a t have been  washed with CaCU [43, 191, 253, 255] or 
u rea  plus NaCl [43, 229]. These treatm ents remove MSP, but preserve the Mn 
atom s in the m em brane. This partially recovered oxygen-evolving activity can be 
further enhanced by the addition of the 24 kD a protein, or Ca + 2 [116, 191, 230]. 
Thus, besides Cl", C a +2 also plays an  im portant role in oxygen evolution [12, 38, 79,
254]. F urtherm ore, a putative binding site for C a+2 on the secondary structure of 
M SP has been suggested [326].
5. Two particular protein components of PS II.
A. The internal Chi a antenna protein CPa-1.
Until a few years ago, this Chi a-binding protein was considered the location 
of the prim ary reactants of PS II, P6g0 and pheophytin [128, 129, 233, 244, 281].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
15
R ecently these prim ary reactants have been assigned to a D1-D2 heterodim er, based 
on: a) T he hom ologies between D l and D2 [9, 268], betw een the L  and M subunits 
o f the reaction  cen ter complex in purple b ac te ria  [341, 352], and am ong all four 
proteins (D l, D2, L and M) [71, 144, 145, 221, 222, 308, 341, 342, 352]. b) The 
isolation o f a D l-D 2-C yt bs51J core [22, 245, 232, 277], capable o f undergoing pho to ­
chem ical oxidation [55, 56, 64, 120, 270, 301, 303, 331]. c) T he chem ical identity  of 
Z  (first electron  donor to P680+ and that gives rise to the E P R  Signal 11̂ . fast) as 
Tyr-161 o f D l [69, 70, 218], and the chemical identity of D + (dark-stable radical 
giving rise to E PR  Signal IIS,0W) as Tyr 160 on D 2  [69, 319]. d) T he localization of 
the reducing and oxidizing sides of PS II on  D l [162, 217, 219]. e) The failure of 
isolated CPa-1 to undergo photochem istry [120]. f) O ther reports [5, 277] also point 
to D1-D2 as the site o f reaction cen ter function in PS II.
CPa-1 (as well as CPa-2) is an internal, light-harvesting chlorophyll-a an tenna 
for PS II [42, 139]. It seems to serve as an  interm ediary transducer of excitation 
energy from  the external (distal) light-harvesting chlorophyll a /b  an tenna to Pf)g0 
[34], C oded for by the chloroplast psbB  gene [42, 233], CPa-1 is an intrinsic protein 
[45, 263] consisting o f seven a-h e lices presum ed to  cross the m em brane [233]. 
Because the  second helix may be too short and to o  hydrophilic to span the thylakoid 
m em brane, a cu rren t hypothesis is that CPa-1 (and  CPa-2) contains six transm em ­
brane a -h e lices  [42, 320], all o f which are conserved in various species exam ined 
[42], CPa-1 (and CPa-2) also possesses, betw een the transm em brane helices V and 
VI, a large hydrophilic extrinsic loop exposed to th e  thylakoid lum en [9, 233]. CPa-1
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(and C Pa-2) binds 20 - 25 chlorophyll a m olecules [40, 80] which are organized to 
efficiently partic ipate in the transference of excitation energy tow ard the reaction 
center. Som e of these chlorophyll molecules are supposedly ligated to the 12 
conserved histidyl residues that are present in the predicted m em brane-spanning a - 
helices [42]. CPa-1 (and  CPa-2) additionally binds about 5 P -caro tene molecules 
[40]. T hese caro tenoid  molecules may play a role in light-harvesting [283], in 
p ro tection  against photobleaching [284], and perhaps in the assem bly o f an active 
photosystem  II, a phenom enon possibly regulated  by lutein [158].
CPa-1 appears to be tightly coupled to  the reaction cen te r of PS II, since 
CPa-1 (and CPa-2) is always present in oxygen-evolving p repara tions of PS II from 
higher plants. For exam ple, electron transfer from  exogenous donors to Q A can take 
place in the absence o f CPa-2 [347], but not w hen both CPa-1 and CPa-2 are 
rem oved [5]. E lim ination of the gene for CPa-1 by site-directed  m utagenesis 
prevents the  assembly o f a cyanobacterial PS II core, which im plies that CPa-1 (and 
CPa-2 to a  lesser extent) is required to assem ble a functional PS II complex [318, 
321], In addition , CPa-2 seem s to be less tightly bound to the PS II core than CPa-1. 
CPa-2 can be com pletely removed by trea ting  Tris-w ashed O E R C  complex with 
7.5 % dodecyl m altoside, 0.75 %  taurine and 2 M LiC104, followed by chrom atogra­
phy [74,120], w hereas CPa-1 is rem oved only afte r a second sim ilar trea tm en t [120].
CPa-1 also seem s to be closely associated with MSP, since: a) A "purified" 
sublhylakoid fraction containing mostly MSP and  CPa-1 (and M n and som e other 
polypeptides) was isolated in early experim ents [353]. b) MSP shields CPa-1 (and
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CPa-2) from  tryptic hydrolysis [44]. c) MSP prevents the labeling o f am ino groups 
on CPa-1 by NHS-biotin, which prim arily labels lysyl residues located on the large 
extrinsic loop of CPa-1 [46]. d) MSP is easily crosslinked to CPa-1 in bo th  PS II 
m em branes [46, 90, 91, 248, 250] and in O E R C  com plex [46, 93]. T hree  different 
crosslinkers have been utilized: D TSP [dithio/>/s(succinimidyI propionate)] [46, 91, 
93], ED C  [l-ethyl-3-(3-dim ethylam inopropyI)carbodiim ide] [46, 90, 248, 250], and IT  
(2-im inothiolane) [52a]; all three yield crosslinks betw een CPa-1 and MSP. F u rth er­
m ore, oxygen evolution is stabilized after E D C  [90] or D TSP [91] crosslinking of 
CPa-1 and MSP in PS II m em branes. Thus, CPa-1 appears to  provide a binding site 
for MSP. A dditional binding sites for MSP may be present on the D l-D 2-C yt b559 
core [127, 299] and on CPa-2 [168].
B. The manganese-stabilizing extrinsic protein, MSP.
This 33 kD a pro tein  was isolated first from  spinach PS II m em branes by 
isoelectric focusing [187], and then  from  acetone pow der o f spinach thylakoids by 
column chrom atography [189]. This protein has been well characterized  chemically 
and physicochemically [11, 187, 189, 239].
T he essential role of MSP is thought to be the preservation  of the tetra- 
nuclear M n center in the photosynthetic oxygen-evolving com plex [117, 254], al­
though th e re  is still controversy as to w hether M SP is a M n-binding pro tein  [2, 36, 
43, 156, 253, 254, 350]. In fact, w hen PS II m em branes are ex tracted  under oxidizing
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conditions [2], or by phase partitioning [350], MSP retains som e M n atom s. O n the 
o th er hand, washing of PS II m em branes with CaCU [43, 253, 255] or u rea  plus NaCl 
[43, 229] removes MSP, but preserves the  Mn atom s in the m em brane. In this case 
though, only about 10 - 24 %  of th e  oxygen-evolving activity rem ains. This activity 
can be substantially restored  upon rebinding of MSP to the m em brane [36, 191, 228,
255]. Studies with corn m utants indicate that o th er M n-binding site(s) seem  to be 
provided by D2. Absence of D2 correlates with the absence of M n and the lack of 
oxygen evolving activity [45]. In addition, it has been suggested that M n is bound to 
either o r both CPa-1 and CPa-2 and that this binding is stabilized by MSP [254, 
353]. C l' can partially substitute for MSP in retaining Mn and  associated oxygen 
evolution [43, 191, 229]. Since C a +2 seem s to play an im portan t role in oxygen 
evolution [12, 38, 43, 79, 230, 254], it is interesting to note the suggestion of a  
putative binding site for C a +2 on the  secondary structure of M SP [326].
T he am ino acid sequence o f MSP was determ ined from  the purified spinach 
protein  [252] and from  nuclear gene sequences [192, 262, 310, 333, 326]. The 
cyanobacterial MSP is synthesized initially with an am ino-term inal extension sim ilar 
to a signal sequence, which is presum ably responsible for directing the polypeptide 
to the lum en of the photosynthetic m em brane system. T he higher p lan t 33 kD a 
proteins are synthesized with much longer am ino-term inal extensions [310,326,333], 
required  for transfer of the polypeptides across the chloroplast envelopes and into 
the lum en of the thylakoid m em branes [67, 269, 324, 339]. It has been  suggested 
that the am ino-term inal extension contains two domains, a ch loroplast im port
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
presequence and a thylakoid transfer dom ain [310, 326]. This has also been  shown 
for o th e r  im ported proteins located in the thylakoid lum en, including plastocyanin 
[139, 287] and the 17- and 24 kD a extrinsic proteins from the spinach O E C  [67, 172, 
324]. T h e  sim ilarity betw een the putative thylakoid transfer dom ain of MSP and the 
am ino-term inal extensions o f  the cyanobacterial MSP lends to the speculation that 
both pro teins are  hom ologous [192, 262, 326].
6. Studying CPa-1 and MSP.
A. Two-dimensional diagonal polyacrylamide gel electrophoresis.
Tw o-dim ensional diagonal polyacrylamide gel electrophoresis (2-D diagonal 
PA G E) is a technique that perm its to  visualize proteins appearing  on vertical lines 
below a diagonal. These proteins are released during the second dim ension elec tro ­
phoresis from crosslinked products that form  in a p ro te in  complex. Thus, this 
electrophoretic  technique allows identification of proteins which are  close to others 
in a p ro tein  complex. Two-dim ensional diagonal P A G E  has been successfully 
em ployed in determ ining n ea rest neighbor relationships for the  proteins within 
ribosom es [179, 307], for cytochrom e c  oxidase [173], N A D H -ubiquinone reductase 
[125], A T P synthase [16, 37, 88, 174, 297], proteins in erythrocyte m em branes [330], 
bacterial light-harvesting polypeptides [206,224], Cyt b ( / f  com plex [278], a bacterial 
reaction cen ter [153], and PS II com plex [36, 46, 90 - 93, 128, 225].
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M SP seems to associate to  CPa-1 in PS II [36, 44, 46, 90, 91, 93, 128, 248, 
250, 353]. Two-dim ensional diagonal PA G E  may be utilized to b e tte r understand 
the relationships betw een MSP and CPa-1. This electrophoretic technique may be 
redesigned to observe low m olecular mass pro tein  fragm ents form ing vertical lines 
below a diagonal, allowing identification of segm ents (dom ains) of MSP which are 
crosslinked to particu lar segm ents (dom ains) of CPa-1.
B. Crosslinking studies.
I. B ackground.
Proteins can be "naturally" crosslinked via their own am ino acid side chains 
(e.g., through their cysteine m oieties) or artificially by utilizing foreign chemicals. 
Exogenous chemicals can be used to induce direct bonds betw een protein  side 
chains (e.g., via dye-photosensitized reactions) [336]. In m ost cases, however, the 
exogenous com pounds becom e a  part of the crosslinking bridges.
Some disadvantages in the  utilization of artificial crosslinkers may include: 
a) Lack of specificity (the crosslinkers could react weakly with am inoacid types o ther 
than the targeted one), b) Artifacts due to too much crosslinking (producing 
extracom plex crosslinks or aggregates difficult to resolve by PA G E).
O n the o ther hand, crosslinking proteins by artificial m eans has many advan­
tages: a) It perm its the specific isolation o f a pro tein  that com igrates with others
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during PA G E  [3]. b) It allows nearest neighbor inferences, being especially useful 
if two o r m ore proteins form a  structural and functional unit [16, 46, 88, 90 - 93, 125, 
173, 174, 179, 206, 248, 250, 278, 307, 330, 336; reviewed in 28]. c) By using cross­
linkers o f different lengths, one can probe spatial relationships betw een one protein  
and its neighbors in a complex. For exam ple, a series of bis-succinimide cross­
linkers, with increasing num bers of m ethylene links (see DTSP; page 22), could 
allow crosslinking betw een progressively m ore distant proteins [204,206, 291]. d) By 
utilizing crosslinkers of different hydrophilicities o r hydrophobicities, one can probe 
protein complexes soluble in aqueous m edia or integrated into m em branes. For 
example, the sam e series of bis-succinimide crosslinkers, which are  ra ther hydropho­
bic, could be sulfonated on their succinimidyl rings to m ake them  im perm eant to 
m em branes [206, 291, 292]. Alternatively, o th er types of w ater soluble crosslinkers 
could be used, such as IT  [179]. e) By em ploying cleavable crosslinkers, it may be 
feasible to determ ine which neighboring proteins were crosslinked (e.g., by detecting 
them  on a vertical line below the diagonal of a  2-D P A G E ). The bis-succinimide 
series and IT  are good examples of easily cleavable crosslinkers [37, 46, 91, 93, 125, 
173, 179, 204, 206, 278, 307, 330]. f) H eterofunctional crosslinkers may help to 
establish which types of am ino acids are interacting betw een im m ediate protein  
neighbors (by using EDC, one may determ ine if salt bridges are binding two pro­
teins together [248, 250]), or betw een a pro tein  and o ther (m acro)m olecules, e.g., in 
ribosom es [179, 307]. Alternatively, m acrom olecules to be crosslinked could be 
derivatized such that hom ofunctional crosslinkers (such as DTSP) could be used.
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This technique was utilized to identify peptide sequences at the tR N A  binding site 
of a m ethionyl-tR N A  synthetase [313]. Thus, artificial crosslinkers perm it not only 
elucidation of which protein resides close to ano ther in a complex, but it also 
enables us to identify which portion of the pro tein  sequence is being crosslinked.
Additionally, since artificial crosslinkers allow investigation of native com plex­
es, in many instances the crosslinking procedure would not pertu rb  the functionality 
of the complex, e.g., see [91]. O n  the contrary, it may even p ro tec t such functional­
ity [90], in which case it could be feasible to elucidate som e functional roles of 
portions o f the proteins being crosslinked.
A crosslinker which has been successfully utilized in studies o f PS II is DTSP 
[46, 91 - 93, 128, 225]. This crosslinker is described below.
II. Chem ical description of DTSP and its m ode of action .
T he structure of DTSP is shown in Fig 2. By m eans of its active carboxylates, 
D TSP reacts mainly with lysine side chains and R -N H 2, having m aximal reactivity 
toward unpro tonated  am ine groups [23, 204]. DTSP reacts by acetylating free am ino 
groups with great rapidity at 0 °C, which is advantageous w hen crosslinking labile 
com plexes. The crosslinking span of DTSP is estim ated to be 1.2 nm  [23]. Thus, if 
two appropria te  am ino groups are  a t 1.2 nm or closer, they could be acetylated to 
p roduce a disulfide bridge betw een them . Such disulfides can then  be cleaved 
during tw o-dim ensional PAGE.
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Figure 2 . Chem ical structure of DTSP [dithio-bis-(succinim idyl propionate)]. *  Reactive carbon 
atom s of DTSP.
C. Chemical cleavages of polypeptides and their crosslinked products.
The use o f cleavage agents allows the production of pro tein  fragm ents that 
can be separa ted  by PA G E designed to resolve low m olecular mass polypeptides 
[58]. Known specific cleavage agents are  hydrolytic enzymes [215, 288, 327], an 
oxidant e lec trode [59], and  various chemical cleavage agents; the last two have the 
advantage of not adding ex tra  polypeptides to the sam ple. O ne o f the m ost com m on 
chemicals utilized for cleavage is cyanogen brom ide (CN Br). U n d er acidic condi- 
+ tions such as 70 %  formic acid (FA ) [112, 131, 132, 208, 282], C N B r reacts very 
slowly with the peptide bond ad jacent to a cysteine, but it reacts readily with the 
peptide bond on the carboxyl side of m ethionine, resulting in the generation  of a 
few discrete fragm ents. C N B r has been em ployed for a  myriad o f studies on pro tein
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fragm ents [48, 107, 126, 131, 132, 208, 234, 246, 265, 322, 327]. C N B r has also been 
used to cleave at the carboxyl side o f tryptophanyl residues afte r these have been 
transform ed into oxindolylalanine by dimethyl sulfoxide (D M SO ) in HC1 [157], 
CN Br cleavage can be improved under certain  conditions by substituting 0.3 M HC1 
[265], 6 M guanidine hydrochloride [322], or 70 %  trifluoroacetic acid [126, 234] for 
the 70 % FA. O n the o ther hand, FA alone has been successfully em ployed to 
cleave polypeptides. Like o ther acids (see paragraph  below), it cleaves at aspartyl 
residues, but FA cleaves aspartyl-prolyl bonds preferentially because of the greater 
basicity of the proline nitrogen [264], Various polypeptides have been cleaved either 
at 40 °C with 70 % FA [196], or at 37 °C with 75 % FA [208].
O th er chemicals have been utilized as cleavage agents as well. For example: 
N-brom osuccinim ide cleaves at arom atic residues such as tyrosine, tryptophan and 
histidine [ 112, 266, 327]. N-chlorosuccinim ide [282], o-iodosobenzoic acid [209], and 
2-(2'-nitrophenylsulfenyl)-3-m ethyl-3'-brom oindolenine [62] cleave at tryptophan. 
Cysteinyl residues are cleaved by 2-nitro-5-thiocyanatobenzoic acid [171, 208, 327]. 
In the presence of N >-* O acyl rearrangem ents, serine and th reon ine are  p referen ­
tially cleaved by som e acids [170]. HC1 o r acetic acid cleave preferentially at 
aspartyl residues [276]. Hydroxylamine hydrochloride (2 M) cleaves at asparagyl- 
glycyl bonds a t pH 9.3 in the presence of 6 M guanidinine hydrochloride [208].
T h e  utilization o f chemical cleavage agents is particularly useful because it is 
possible to crosslink the protein  com ponents o f a complex (such as the O E R C  com ­
plex), isolate a  particular crosslinked product, cleave it (say with CNBr o r FA), and
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resolve the fragm ents by two-dim ensional diagonal PA G E . The fragm ents that are 
not crosslinked would appear on a diagonal, whereas the fragments that are cross- 
linked together would m igrate under the diagonal o n  a sam e vertical line. These 
crosslinked fragm ents could then be isolated for th e ir unequivocal identification 
through sequencing. Currently there are many quick and relatively easy and inex­
pensive procedures for sequencing polypeptides, e.g., [185, 186, 304]. O n the other 
hand, despite th e  extensive use of both 2-D P A G E  for whole proteins and chemical 
cleavage agents, 2-D diagonal electrophoresis with cleavage fragm ents from  cross- 
linked proteins is practically non-existent in the literature (for a variant, see [33]).
C leavage of proteins also poses some obstacles. Possibly the w orst problem, 
especially with integral m em brane proteins, is the re lease  of highly hydrophobic 
peptides, which generally tend to  form large insoluble aggregates, preventing detec­
tion of individual fragm ents. Even though several m ethods have been developed to 
minimize aggregation (see Appendix, pages 149 - 160), there are few techniques that 
deal directly with aggregation o f hydrophobic fragm ents upon cleavage. However, 
a wide variety of cryoprotectants [e.g., glycerol, ethylene glycol (E G ), DMSO, 
alcohols, sorbitol, sucrose, etc.] are available (Table 3, page 158). C ryoprotectants 
have been utilized to reduce or avoid protein aggregation (Appendix), and to keep 
native conform ations of proteins and peptides, even a t subzero tem peratures. Thus, 
cryoprotectants may be particularly useful since alm ost invariably one o f the steps 
of a cleavage procedure is lyophilization of the cleaved sam ple, which may induce 
aggregation of hydrophobic peptides upon their concentration  in the vanishing
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solvent. T herefore, if published recom m endations fail to keep hydrophobic frag­
m ents from  aggregation, a m ethodic search am ong available cryoprotectants may 
follow to ensure  an appropria te  electrophoretic  analysis of the fragm ents that are 
released by cleavage of PS II proteins and their crosslinked products.
D. Use o f antibodies.
A ntibodies have been  used prim arily for im m unohistochem istry [51, 57, 94, 
197, 314, 354; also see Vol. 121, 1986, of M ethods in Enzymology]. A ntibodies have 
also been successfully utilized in many types o f electrophoretic studies [44, 46, 50, 
66, 87, 108, 181, 183, 203, 207, 210, 247, 248, 250, 271, 300, 306]. A ntibodies raised 
against the proteins of in terest are used as prim ary antibodies on blots o f electro- 
phoretically separated  proteins, followed by incubations with enzym e-conjugated 
secondary antibodies and then with chrom ogenic substrates. T his procedure is a 
com m on technique which allows pro tein  visualization. A ntibodies are o f special 
im portance to detect proteins that have been  crosslinked, since antibodies are 
specific and perm it the identification o f  low concentrations of crosslinked products. 
A dditionally, in com bination with specific cleavage o f crosslinked products, mono- 
or polyclonals can be used to identify the particu lar fragm ents that have been 
crosslinked. T he single ep itope of m onoclonals may provide further inform ation on 
crosslink location [107, 280].
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7. Proposition.
A  great am ount o f inform ation has been  obtained  ab o u t the structure and 
function of PS II, yet the  spatial organization o f the proteins in PS II is not com ­
pletely understood. This study was aim ed at b e tte r understanding the structural 
relationships am ong the protein com ponents of PS II, by characterizing crosslinked 
products ob tained  from  suspensions o f O E R C 's derived from  spinach PS II m em ­
branes. Specific fragm entation o f a selected crosslinked product revealed a m ore 
resolved picture of the in teractions occurring betw een two individual proteins, MSP 
and CPa-1.
Suspensions of O E R C  com plex and O E R C  core were exam ined with respect 
to their p ro tein  com position, yield, durability and ease of handling. O E R C  complex 
was selected for fu rther studies because it contains a m inim um  of the proteins 
necessary for oxygen evolution, it is ob tained  in relatively few steps, and the yields 
(= 1 - 3 % o f the starting  Chi in chloroplasts) are high enough to perm it the purifi­
cation o f crosslinked products. A n alternative p reparation  could have been O E R C  
core, which contains fewer proteins and still evolves oxygen. However, the low 
yields (<  20 % o f O E R C  complex), the time consum ing prepara tion , and the lability 
o f O E R C  core particles prevented the production of suitable crosslinks.
A  lipophilic crosslinker was exam ined with respect to  its ability to crosslink 
proteins within both O E R C  complex and O E R C  core. DTSP reached  many sites 
susceptible to crosslinking, given the ra th er hydrophobic natu re o f most PS II
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com ponents. This allowed identification and selection of specific crosslinked prod­
ucts.
T o  identify expected crosslinked products, mono- and polyclonal antibodies 
raised against particu lar PS II proteins were utilized, on blots o f both  one-dim en­
sional and tw o-dim ensional dual and diagonal electrophoresis gels. P reparative 
electrophoresis was em ployed to isolate sufficient quantities of at least one cross- 
linked product (chosen mainly on the basis of its yield and purity in its electropho­
retic zone) for further characterization.
O ne problem  th a t arose when cleaving the crosslinked product was the 
release of highly hydrophobic fragm ents, which form ed insoluble aggregates. To 
circum vent this problem , the cryosolvent ethylene glycol was ultim ately used, such 
tha t m ost of the fragm ents predicted  to  be released by cleavage w ere accounted for 
with PA G E. Two-dim ensional diagonal PA G E  was then em ployed to establish 
which fragm ents of MSP were crosslinked to which fragm ents o f CPa-1. Selected 
crosslinked fragm ents w ere identified by their elec trophoretic mobility and antibody 
recognition, as well as by their sequences (since the sequences o f practically all the 
spinach PS II proteins w ere known).
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MATERIALS AND METHODS
1. Preparation of chloroplasts.
Class II chloroplasts were isolated from  spinach leaves, essentially as d e ­
scribed [47]. A typical isolation involved the hom ogenization o f m arket spinach 
leaves with chloroplast isolation buffer (50 mM N a-K -H P 04 pH  7.4, 100 mM 
sucrose, 200 mM NaCl and 5 mM MgCh), followed by filtration through one layer 
o f nylon fabric of very fine mesh plus one layer of Miracloth*, and then by centrifu­
gation at 2,000 g for 5 min at 0 - 1 °C. The pellet (class II chloroplasts) was resusp­
ended in R esuspension Buffer (50 mM  M ES-N aO H  pH  6.0, 300 mM sucrose, 15 
mM  NaCl and 10 mM M gCl,), and then used for fu rth er fractionation. The inclu­
sion o f pro tease inhibitors in the chloroplast isolation buffer was not necessary. The 
Chi concentration was determ ined by a  standard  m ethod  [18].
2. Preparation of oxygen evolving Photosystem II membranes.
Subchloropiastic PS II m em branes having high rates of oxygen evolution were 
prepared basically as originally described [115], w ith some m odifications [104].
29
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Briefly, freshly p repared  class II chloroplasts (2.5 mg C h l/m L ) w ere e ith e r left on 
ice in darkness for 1.5 h (to allow for thylakoid stacking) [121], or im m ediately 
mixed with detergent [188]; no difference was found betw een these two treatm ents. 
To the chloroplast suspension, 20 %  w /v  T riton  X-100 was added  such that the final 
ratio  of detergen t to Chi was 25 mg : 1 mg. This detergent to Chi ratio resulted in 
PS II m em branes with Chi a to Chi b ratios betw een 1.87 and 2.04.
T he m ixture o f chloroplasts and T riton  was incubated for 25 min, afte r which 
centrifugations at 0 - 2 °C were perform ed as follows: O ne centrifugation at 3,000 g 
for 5 min; the supernatan t (containing stacked double thylakoid leaflets) was cen tri­
fuged at 40,000 g for 20 min. T he pellet (PS II m em branes) was resuspended in the 
resuspension buffer, centrifuged again a t 3,000 g for 5 min, and the supernatan t was 
recentrifuged at 40,000 g for 20 min. This last pellet (purified PS II m em branes) 
was resuspended to 2.5 mg C h l/m L  in Solution A  (50 mM M ES-N aO H  pH  6.0, 400 
mM sucrose and 10 m M  NaCl) to be used for O E R C  prepara tion  (see below). The 
Chi con ten t o f the PS II m em branes was determ ined  as for chloroplasts, and their 
yield ranged betw een 30 and 40 %  o f the Chi contained in the chloroplasts.
3. Preparation of OERC complex.
Oxygen Evolving R eaction C en ter com plex was obtained basically as de­
scribed [119]. Briefly, a  freshly p repared  suspension of PS II m em branes (2.5 mg
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C hl/m L ) was mixed with 1 volum e of Solution B [50 mM M E S-N aO H  pH  6.0, 1 M 
sucrose, 800 m M  NaCl, 10 mM  C aC l, and 70 mM O G P  (octyl-|l -D -glucopyranoside)] 
and incubated for 10 min (with occasional swirling). T hen 2 volum es of Solution C 
(50 mM M E S-N aO H  pH  6.0, 1 M sucrose, 400 mM  NaCl and 10 m M  C aC l2) were 
added. T he suspension was incubated for 5 m ore min (with occasional swirling), 
and then subjected  to centrifugation at 40,000 g for 90 min. T he pellet (mostly LH C  
proteins with a Chi a to Chi b ratio  < 1.8) [123] was discarded.
T he su p ern a tan t was dilu ted  with 3 volum es of Solution D (50 mM MES- 
N aO H  pH  6.0, 10 mM NaCl and 5 mM C aC l,) and  centrifuged at 40,000 g for 10 
min. T he pellet was resuspended in Solution E (50 mM M ES-N aO H  pH  6.0, 400 
mM sucrose, 10 mM NaCl and 5 m M  CaCl2), and e ith e r used im m ediately or stored 
a t -20 °C. T he sam ples w ere kept in darkness at tem peratu res betw een 0 and 2 °C 
throughout th e  p rep ara tio n  o f O E R C  complex. Its Chi content was determ ined  as 
for chloroplasts. T he yield of O E R C  complex was 10 - 15 %  of the Chi conten t of 
PS II m em branes.
4. Preparation of OERC core.
Oxygen Evolving R eaction C enter core was obtained essentially as de­
scribed [119]. Briefly, a freshly m ade suspension of O E R C  com plex was mixed with 
a  10 % solution o f dodecyl m altoside (DM ) to  yield 0.5 % final DM . Im m ediately
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
after dissolution of the O E R C  complex with this detergent, the m ixture was loaded 
on a Sephacryl* S-300 colum n (50 x 2.5 cm ID) which was equilibrated  w ith Solution 
F (50 mM M ES-N aO H  pH  6.0, 20 m M  NaCl, 5 mM CaC l2 and 0.05 %  DM ). 
E lution proceeded at 1 m L cm '2 h '1 with Solution F, and 1-mL sam ples w ere collect­
ed. T hese sam ples were kept on ice and used during the sam e day.
5. Salt washes.
Salt washes were perform ed on ice as described [44]. Briefly, aliquots of 
O E R C  com plex were centrifuged (in a m icrofuge 3 x 1 m in at 4 °C, o r at 40,000 g 
at 1 °C for 20 min, depending on the volum e), and the pellets were resuspended in 
Solution E + 1 M salt (e ithe r NaCl, C aC l2 o r Tris-HCl pH  9.4), incubated for 1 h, 
centrifuged (as above), and resuspended again in the sam e m edia. A fter incubation 
for 1 m ore hour, they were centrifuged again (as above). The pellets w ere washed 
twice with Solution E, and finally resuspended in Solution E to 1 mg C hl/m L .
6. Crosslinking of OERC's with DTSP.
Crosslinking with DTSP was perform ed following published recom m endations 
[23, 204], Briefly, O E R C  com plex or core aliquots in Solution E  w ere centrifuged
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(in a microfuge 3 x 1  min a t 4 °C, o r at 40,000 g at 1 °C for 20 min). T he pellets 
were resuspended in a phosphate buffer (50 mM  N aK H P 0 4 pH  7.8, 50 mM  NaCl 
and 5 mM CaCL) to  1 mg C hl/m L . At tim e zero, varying am ounts o f D TSP (50 
mM in DM SO) w ere added up to  2 mM final (or 1 mM for isolation o f the 100 kDa 
crosslinked product, 100 XL). T hese  crosslinking mixtures were then incubated on 
ice in the dark (with occasional stirring). At the indicated times (1 h for isolation 
o f 100 XL), glycinamide was added (100 mM final, to  elim inate the excess DTSP). 
The incubation proceeded  for 30 min more, followed by addition of iodoacetam ide 
(40 m M  final, to alkylate any sulfhydryl groups remaining, thus precluding disulfide 
exchange), incubation for 45 min more, and  then either used im m ediately, or stored 
a t - 20 °C.
7. Polyacrylamide gel electrophoresis (PAGE).
A. Preparation of gels.
I. G eneral procedures.
Gels were prepared using standard procedures [136, 137, 263]. G els were 
prepared  from the following stock solutions: 30 % acrylam ide + 0.8 %  bis-acryl- 
am ide, 60 % sucrose (with 0.1 %  N aN 3as preservative), 10 %  am m onium  persulfate
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(kept frozen), pure T E M E D  (N ,N ,N ',N '-tetram ethylethylenediam ine), 10 % DM, 
and gel buffers. T he final concentrations of these gel buffers w ere: a) For low 
m olecular w eight (LM W ) gels: 1 M Tris-H Cl pH  8.5 plus 0.1 %  LDS in the resolv­
ing and spacing portions, and 0.75 M Tris-H Cl pH  8.5 + 0.75 % LDS in the stacking 
portion, b) For all the o th er gels: 0.5 M Tris-H Cl pH  8.8 for resolving gel portions, 
and 60 mM T ris-H C l pH 6.8 for stacking portions. T he final concentrations of the 
reservoir buffers were: a) For LMW  gels: 100 mM Tris, 100 mM Tricine, 0.1 % 
LDS for the upper reservoir, and 200 mM Tris-H Cl pH  8.9 for the lower reservoir 
[140, 147]. b) For o ther gels with LDS: 25 mM  Tris plus 192 mM glycine for the 
lower reservoir and, for the upper reservoir, the sam e buffers plus 1 mM  E D T A  and 
0.1 % LDS [75]. c) For native gels: as in b), but no LDS in the upper reservoir 
buffer. Even though SDS was shown to provide high resolution o f proteins [205], 
LDS was used in this work because it allows less distortion  of the protein  bands 
during electrophoresis [41a]. E lectrophoresis was perform ed at 4 0 C. Particular 
systems are de linea ted  below.
II. N ative gels.
i) DM  gels.
DM  gels w ere p repared  as recom m ended [24]. Briefly, slab gels (1.5 mm 
thick) w ere p rep ared  with a resolving linear gradient o f 4 - 7 %  acrylam ide (= 11 cm 
high), topped  by a 2.5 %  acrylam ide stacking gel (= 2 cm high). Both gel portions
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contained 0.05 °/c DM. T hese gels were run at 0.6 W  for = 16 h. For preparative 
and tw o-dim ensional designs, see pages 38 & 39.
ii) Transverse grad ien t gel.
A  slab gel (1.5 mm thick) was m ade with a  uniform  4 % acrylam ide resolving 
gel, topped by a  0.5 %  agarose stacking portion. T h e  resolving region also con­
tained a transverse grad ien t of 0 - 0.25 % DM, while th e  stacking portion  had 0.3 % 
DM  (Fig 3). This gel was run a t 0.5 W  for = 16 h. T his transverse gradient gel was 
devised to optim ize a  protocol to separate  the pro tein  com ponents o f O E R C  cross- 
linked sam ples. By using a sam ple o f O E R C  complex, the best separation  of native 
com plexes and individual proteins was achieved with 0.05 % DM.
III. R egular g radient 112.5 - 20 %) gels with LDS.
Gels w ith a linear gradient o f acrylam ide w ere prepared using standard 
procedures and recom m endations [75, 136, 137, 193, 263]. Briefly, gels (1.5 mm 
thick) were p rep ared  with a  resolving linear gradient o f  12.5 - 20 %  acrylam ide (11 
cm high), topped  by a 3.75 %  acrylam ide stacking gel (= 2 cm high). This type of 
gel was used to determ ine the protein com position o f  O E R C  sam ples trea ted  in 
various ways. Sam ples w ere electrophoresed at 1.2 W  for = 16 h.
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Figure 3. P reparation  of a  gel with a  0 - 0.25 %  w /v  transverse g rad ien t of DM.
The resolving gel was 10 cm high and 14 cm wide.
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G els designed to resolve low m olecular mass p ro te in  fragm ents w ere p re­
pared  essentially as described before [275], considering general recom m endations 
given by various w orkers [81, 97, 137, 140, 147, 208, 246]. Briefly, slab gels (1.5 mm 
thick) w ere p repared  with a resolving gel of 16 % acrylam ide (= 10 cm high), topped 
by a spacing layer o f 10 % acrylam ide (= 1.5 cm), and then by a 4 %  acrylam ide 
stacking gel (= 2 cm high). LDS was used for these LM W  gels instead o f SDS [275].
T hese LM W  systems were electrophoresed  at 2.5 W for = 20 h.
T hese LM W  gels w ere used to analyze low m olecular mass fragm ents derived 
from cleavages of e ith e r purified proteins from PS II or from  their crosslinked 
products. Som etim es these gels w ere used to purify sm all am ounts of fragm ents to 
be sequenced. For this, sam ple lanes containing these fragm ents were b lotted onto 
Immobilon*, a P V D F  (polyvinyldiene fluoride) m em brane [329]. T he b lo tted  lanes 
were stained with acid-free Coom assie blue (CB; see page 42), and the bands of 
interest were excised and used for sequencing.
V. P reparative gels.
Particu lar preparative gels (2 - 3 mm thick) were p repared  and electropho­
resed in accordance with sections I to IV above. T hese preparative gels were
utilized as described in sections i) to iii) below.
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i) Isolation of crosslinked products.
T he 100 XL crosslinked product and others w ere best purified by employing 
a dual preparative D M /L D S  gel system. T h e  first gel was 1.5 mm thick, with a 
resolving linear gradient of 4 - 7 % acrylam ide and a 2.5 %  stacking gel, both parts 
containing 0.05 %  DM . This "first dim ension" gel was loaded with crosslinked 
O E R C  com plex (1 mg Chi + 1 %  DM  in 1.25 mL), and e lectrophoresed  a t 0.6 W 
for = 16 h. T he crosslinked com plex m igrated in a diffuse g reen  band with R f's = 
0.25 - 0.40. This band was excised, equilibrated for 30 min in Sam ple Buffer (50 
mM Tris-H Cl pH 6.8, 6 %  sucrose, 3 %  LDS and BPB crystals), and loaded on a 
second slab gel (2 mm thick, 12.5 - 20 %  acrylam ide resolving linear g rad ien t gel, 
3.75 % stacking gel). This "second dimension" gel was electrophoresed  at 2 W for 
= 16 h, and stained with acid-free CB. T he band  a t 100 kD a was excised for further 
isolation of 100 XL via electroelu tion  and concentration (with C entricon 30* 
devices) [161], The concentrated  100 X L solution was stored at -20 °C.
ii) Purification of pro tein  com ponents o f PS II.
F or this, e ither regular gradient gels (2 mm thick), o r gels with a uniform 
resolving acrylamide concentration  o f 15 %  (2 mm thick), w ere utilized. For exam ­
ple, CPa-1 and CPa-2 w ere purified from gels which w ere loaded with O E R C  
complex a t 1 mg C h l/g e l and electrophoresed  at 2 W for « 16 h. T he gels were
stained with acid-free CB and the polypeptides of in terest w ere excised for further
isolation via electroelu tion  and concentration.
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iii) Purification of low m olecular mass peptid ic  fragments.
Purified polypeptides were chemically cleaved, loaded on LM W  gels (2 mm 
thick) a t  = 2 mg o f polypeptides per gel, and electrophoresed at 4 W for = 24 h. 
The gels were then  stained with acid-free C B  (see below), and the fragm ents of 
in terest were excised. These fragm ents w ere identified by im m unoprobing on 
Immobilon* m em branes, to which the contents of a  vertical gel strip had been 
electro transferred  by a described m ethod [306] (page 44).
VI. Tw o-dim ensional gel system s.
i) D ual system: native gel followed by a denaturing  regular gradient LDS gel.
T hese  gel systems w ere designed essentially as described [24], T hese gel 
systems w ere employed, in conjunction with im m unoprobing (see page 46). mainly 
to identify and isolate some o f the crosslinked products. F or this, gels 1.5 m m  thick 
were p repared  containing a resolving linear grad ien t o f 4 - 7 %  acrylam ide, topped 
by a  2.5 % stacking gel; both gel parts contained 0.05 %  DM. T hese gels were 
p repared  for a first dim ension PA G E either as tube gels [24] or as slab gels (1.5 mm 
thick), w here e ither the tube gels, o r  vertical strips o f the slab gels, w ere used as 
sam ples for the second dimension. The first dimension tube gels w ere run at 40 
mW p er tube gel for 12 h, and the slab gels w ere run a t 0.6 W for = 16 h. T hen 
these sam ples (tube gels or vertical strips) w ere preequilibrated  in Sam ple Buffer for 
20 min, and laid on top of slab gels to  be run as a  second dim ension PA G E . The
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second dim ension slab gels (2 mm thick) w ere prepared as a regular gradient gel 
(page 35). E lectrophoresis was at 2 W  for « 20 h. The proteins w ere then recog­
nized by staining with regular CB followed by silver (see page 43), or a fte r electro- 
transfer to nitrocellulose (NC) or Immobilon* [306, 329] followed by im m unodetec­
tion (page 46).
ii) R egular diagonal system: regular gradient LDS gel w ithout reductants followed
by a sim ilar gel with reductants.
Two dim ensional diagonal gels were utilized, in conjunction with im m uno­
probing (page 46), chiefly to identify the pro tein  com ponents of some of the cross- 
linked products. This diagonal system was devised following recom m endations given 
by several workers [16, 37, 88, 91, 93, 125, 128, 173, 174, 179, 206, 225, 278, 307]. 
The gels w ere p repared  essentially as described before [46]. Briefly, a  regular 
g radient gel (page 35) was loaded with crosslinked samples in 2 to 6 central wells = 
8 mm wide, flanked by PS II sam ples and by protein m arkers. T he crosslinked 
sam ples (135 p i) contained = 4 p g  Chi, 1.5 %  LDS, 4.5 %  sucrose and a  brom o- 
phenol blue (BPB) crystal. E lectrophoresis was a t 1.2 W for -  16 h. T he cross- 
linked lanes were excised and, as pairs, incubated for 20 min in Sam ple Buffer with 
3 % P-m ercaptoethanoI ((J-ME) for one strip of the pair, and w ithout P -M E  for the 
other. T he strips w ere then laid on top of regular gradient gels (2 mm thick; page 
35) to be run as a second dim ension PA G E, along with protein m arkers. E lectro­
phoresis was at 2 W for = 20 h, with the upper buffer containing 0.02 %  thioglycolic
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acid (TG A ). The proteins of these second dim ension gels were then  detected  either 
by staining w ith regular CB followed by silver (page 43), or by e lectro transfer to NC 
o r  Immobilon* m em branes [306, 329] followed by im m unodetection (page 46).
iii) LM W  diagonal system: LMW gel w ithout reductants followed by a sim ilar gel 
with reductants.
LM W  diagonal gels w ere utilized, in conjunction with im m unoprobing (page 
46), to identify crosslinked fragm ents of the proteins involved in a crosslinked 
product such as 100 XL. This gel system was designed by com bining an LMW 
system [140, 147, 275] (page 37) with the regular diagonal system  [46] (page 40). 
For this, an LM W  gel (1.5 mm thick) was loaded with chemically cleaved samples 
o f  100 XL in 2 to 6 cen tral wells = 8 m m  wide, flanked by PS II sam ples and by 
protein  m arkers. T he cleaved samples (135 n l) contained = 50 p g  pro tein  + 1.5 % 
LDS + 4.5 %  sucrose and a BPB crystal. E lectrophoresis was at 2.5 W  for = 20 h. 
T he lanes with cleaved sam ples w ere excised and, as pairs, incubated for 20 min in 
Sam ple Buffer with 3 %  P -M E  for one strip o f the pair, and w ithout P -M E  for the 
o ther. The strips were then  laid on top of slab gels to  be run as a second dim ension 
PA G E. The second dim ension slab gels (2 mm thick) were also p repared  as a 
LM W  gel. E lectrophoresis was at 4 W for = 24 h, with the upper buffer containing
0.02 % TG A . The fragm ents in these second dim ension gels w ere visualized by 
staining with regular CB followed by silver (page 43), or by e lec tro transfer to 
Immobilon* m em branes and im m unodetection (page 46).
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B. Staining of gels.
I. Staining with C B .
i) R egular CB.
A fter electrophoresis, the gels (o r pieces) w ere stained with CB R-250 by 
using standard  procedures [31, 355]. T h e  e lectrophoresed  gels w ere incubated in a 
glass tray with 400 mL of a solution containing 0.1 %  CB R-250 in 25 %  m ethanol 
and 7 %  acetic acid. S taining was overnight, followed by a one-day background 
destain ing in a 500-mL solution of 25 %  m ethanol + 1 %  acetic acid containing 
several Kimwipes* towels. T he Kimwipes* were replaced several tim es to capture 
the CB dye released from  the  gel. U pon destaining, these gels w ere photographed 
with red filters, and then stored  [272] o r  processed for silver staining (page 43).
ii) A cid-free CB.
For this variation of the procedure in i) above, the gels to be CB-stained 
w ere incubated in a glass tray with 400 m L of a  solution containing 1 g o f CB R-250 
in 1 L of 25 %  m ethanol. Staining was overnight, followed by one day o f destaining 
of the background (3 to 4 changes of 500 m L o f 25 %  m ethanol). U pon destaining, 
these gels w ere utilized for the isolation o f fragm ents, proteins, crosslinked frag­
m ents or crosslinked products.
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II. Silver staining.
This is a  sensitive m ethod to  stain proteins in  general [298]. T he protocol 
used here was an  adap ta tion  [344] for Laemmli [193] type gels run with SDS or LDS 
and previously stained with CB. F o r this, the CB stained gels (with the background 
cleared  from stain and the surfaces cleaned from deposits) w ere first trea ted  to 
elim inate the acetic acid: they w ere incubated in 60 %  m ethanol overnight, then in 
deionized w ate r overnight, and then again overnight in 60 %  m ethanol + 2 drops of 
1 N N aO H/lOO mL + 2 drops of 38 % fo rm a ld eh y d e /100 mL. Each gel was then 
stained for 20 min with gentle rocking in 100 m L o f  a solution prepared  by: first, 
dissolving 0.8 g silver n itra te  in 6 m L of deionized w ater; second, mixing 21 m L of
0.36 % N aO H  and 1.4 m L of NH 4O H ; third, gradually mixing both  solutions; and 
fourth, bringing this solution to  100 m L with deionized water. A fter the 20 min 
incubation in this alkaline silver n itrate solution, each gel was w ashed 3 times (15 
min each) with deionized water, and then  developed with 500 m L of a freshly 
p repared  solution containing 25 mg of citric acid and 250 p i of 38 %  form aldehyde. 
D evelopm ent tim e varied betw een 15 and 40 min, depending on the sam ple loads 
and the thickness o f the gel. W hen sufficient staining intensity had developed, each 
gel was rinsed in deionized water and then incubated in 25 %  m ethanol + 7 % 
acetic acid to  stop the color developm ent. T hese gels were then ready to be photo­
graphed  (without filters).
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III. CuCL staining.
This procedure was adopted from [202], considering o ther recom m endations 
[89, 328]. Briefly, afte r electrophoresis, the gels w ere rinsed with deionized water 
and gently rocked in 100 m L of 0.3 M CuCl, for up to  40 min. W hen the negatively 
stained polypeptide bands (transparen t) w ere clear enough against the whitish 
background (caused by the precipitate o f copper-dodecyl sulfate), the gels were 
rinsed with and stored in deionized w ater. T he m etal staining p a tte rn  was stable for 
months in w ater. This system was as sensitive as CB staining, but it was in tended to 
be used in the isolation of proteins w ithout the interference of the CB dye (e.g., for 
isolation o f 100 XL). O nce a polypeptide was identified, it was excised and incubat­
ed with 15 mL of 250 mM ED TA  + 250 mM Tris-H Cl pH  9.0 (3 changes X 10 min) 
to chelate the copper. This incubation caused the precipitate to d isappear.
8. Blotting of gels onto NC or Immobilon*.
A. General procedure.
T he proteins electrophoresed in gels were electro transferred  to sheets of NC 
(earlier experim ents) o r Immobilon* [50, 152, 177, 306, 312, 329]. A lm ost com plete 
transfer o f polypeptides was accom plished afte r = 90 V -h/m m  of gel thickness.
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E lectro transfer was done a t 4 °C and the blots (or selected lanes) were e ither 
im m ediately stained (see section B. below), o r blocked with 50 m L o f 5 % non-fat 
dry milk (Carnation*) [152] in T ris saline solution (TS: 10 m M  Tris-H Cl pH 7.4 and 
150 mM NaCl). Blocking was fo r 1 h (4 h in earlier experim ents). A fter blocking, 
the blots w ere im m unoprobed as described below . Betw een changes of solutions, 
the im m unoblots were rinsed three times with TS.
B. General staining.
I. Am ido black.
N itrocellulose blots (o r selected portions) w ere  rinsed with w ater and incubat­
ed for = 20 min with 50 mL of am ido black stain (1 g of am ido black 10B in 1 L  of 
25 %  m ethanol and 7 % acetic acid) [113]. T h e  background was then largely 
rem oved w ith 25 %  m ethanol + 7 % acetic acid (3  - 4 changes o f 50 m L for 10 min 
each). T he blots w ere then rinsed with w ater and dried. This procedure was 
em ployed to stain pro tein  m arker lanes on NC im m unoblots (see section C. below).
II. Coom assie b lue .
Immobilon* blots (or selected portions) w ere rinsed with w ater and incubated 
with 50 m L o f regular CB stain for = 20 min [329]; the background was then largely
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rem oved with 60 % m ethanol (3 - 4 50 mL-changes, 10 min each). T he blots were 
then rinsed with w ater and dried. This procedure was em ployed to  stain the protein 
m arker lanes accom panying im m unoblots on Immobilon* (see section C. below).
A few times acid-free CB (see page 42) was utilized to stain blots that were 
to be used for sequencing purposes. A fter staining (for = 30 min), the blots were 
destained with 60 %  m ethanol (3 changes of 50 m L for 20 m in each), thoroughly 
rinsed with deionized w ater (6 changes of 50 m L for 10 min each) and dried.
C. Immunoblottings.
I. Probing.
i) Prim ary antibodies (m ono- and polyclonals).
T he blocked blots were probed overnight at room  tem pera tu re  with prim ary 
m onoclonal o r polyclonal antibodies, specific for PS II polypeptides. Solutions of 
the m onoclonals FAC2 [107], FAAC4 [108] and FQC3 [249] w ere com posed of the 
supernatan ts o f hybridom a cell cultures, or dilutions o f ascities fluids in TS + 1 % 
BSA + 10 crystals of N aN 3. Polyclonals were dilutions o f serum  in TS + 1 % BSA 
+ 10 crystals o f N aN 3. Antibody solutions w ere reused several times.
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ii) Secondary antibodies.
Secondary antibodies were d ilu ted  in TS + 1 %  BSA to 1 : 1,000 (anti-rabbit 
IgG) or 1 : 2,000 (anti-m ouse IgG + IgM). These antibodies w ere conjugated to 
e ither peroxidase (for use with NC blots) or alkaline phosphatase (for use with 
Immobilon* blots). Incubations w ere for 3.5 h for NC blots, o r for 1 h for Im m o­
bilon1 blots.
II. D eveloping.
i) Use of 4-ch loro-l-naphto l to detect peroxidase activity.
To visualize the polypeptides recognized by antibodies, NC blots were 
incubated with a 30 mM solution o f  the chrom ogenic substrate 4-ch loro-l-naphtol 
[83, 130, 143, 183], which was dissolved in 20 m L of m ethanol and mixed with 80 mL 
of TS + 3.5 mM  H 20 2. W hen sufficient color was developed (after 20 - 40 min), 
the blots w ere rinsed with w ater, photographed  and dried.
ii) U tilization of nitroblue tetrazolium  (NBT) and 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) to  detect alkaline phosphatase activity.
To visualize the polypeptides recognized by antibodies, Immobilon* blots 
were incubated with 50 m L of a buffered solution (100 mM Tris-H Cl pH  9.5, 100 
mM  NaCl, 2 mM MgCl2 and 1 |iM  Z nC l2) containing 6.8 mg o f BCIP and 16.5 mg 
o f NBT [95, 271]. W hen sufficient color was developed (after 15 - 20 min) by the
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alkaline phosphatase activity [248, 257, 309], the blot was rinsed with w ater and 
dried. The background was clearer when the blot was dry.
9. Cleavages.
A. Cyanogen bromide (CNBr).
I. Gel strips.
This procedure was adapted from  [246] (also see [132], and page 23), and 
involved the cleavage of polypeptides (or a crosslinked product such as 100 XL) 
fixed in the matrix of polyacrylam ide gel strips. For this, the polypeptides to be 
cleaved w ere electrophoresed (e.g., in a regular gradient gel), and the gel was 
stained with acid-free CB (page 42). T he polypeptides of in terest w ere excised and 
trea ted  with a CNBr m ixture for up to  24 h. T he whole procedure was perform ed 
under a hood.
T he C N B r mixture was p repared  by mixing 5 m L o f buffer (125 mM Tris-H Cl 
pH  6.8), 5 m L o f 0.6 N HC1, and 125 p i  o f acetonitrile containing CNBr. This last 
solution was prepared by dissolving 500 mg of CN Br in 200 p i  o f acetonitrile  (CNBr 
greatly increased the volum e of the solution). T he control tube(s) contained  only 
acetonitrile . T he gel slices were then added to the tubes and incubated at room 
tem peratu re  with gentle rocking for the  indicated times.
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A fter the incubation, the CNBr m edium  was discarded and the gel slices were 
washed with buffer (125 mM Tris-H Cl pH  6.8 + 0.1 % LDS) for a  total o f 2 h (3 
changes of 10 m L each). The gel slices w ere then equilib rated  in a  buffer (50 mM 
Tris-H Cl pH  6.8 + 3 %  LDS + 6 % sucrose + BPB ± P-M E) that rendered  the 
slices as app ropria te  sam ples to  be loaded in  gels.
This procedure regularly cleaved CPa-1 and C Pa-2  quantitatively. T he only 
M et-Thr bond o f MSP yielded = 25 % o f  cleavage product. The rem aining 75 % of 
MSP was irreversibly modified such that it could not be cleaved further by re treating  
with CNBr.
II. Liquid phase. Inclusion of ethylene glvcol.
In early experim ents of C N B r cleavage in liquid m edia, the polypeptides were 
cleaved in a  m ixture of 2 m L o f  125 m M  Tris-H C l p H  6.8, 2 mL of 0.6 N HC1, and 
50 p L  of C N B r-containing acetonitrile , bu t instead o f gel strips (see section I. 
above), a relatively small volum e o f elec troelu ted  sam ple was added to the CNBr 
mixture, and incubation proceeded for only 6 h with gen tle  rocking. In addition, the 
cleavage reaction was finished by diluting th e  sam ples w ith = 10 volum es o f water, 
freezing them and then lyophilizing them  (for ab o u t 5 - 7 h) under a  hood. The 
freeze-dried sam ples could then  be taken up in a  sam ple buffer and loaded in gels.
U nfortunately, som e hydrophobic fragm ents derived from CPa-1, CPa-2 and 
100 XL could not be resolubilized, even afte r the addition  of trifluoroacetic acid
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[147], addition o f FA [112], o r the use of o ther published treatm ents (see Appendix). 
DM SO and EG  w ere found to keep these hydrophobic fragm ents from precipitating 
irreversibly w hen included instead of acetonitrile as the CN Br solvent (see page 83, 
and A ppendix). T he optim al concentrations of E G  and D M SO  w ere betw een 5 and 
10 %  v /v  in the CN Br mixture. This allowed the  resolubilization of practically all 
the fragm ents re leased  by C N B r from CPa-1, CPa-2, and 100 XL. M SP did not 
show problem s with acetonitrile  as the CNBr solvent. EG  proved to be the best 
additive (see page 83).
B. Formic acid (FA).
T he FA cleavage procedure was adapted  from [196], considering recom m en­
dations from  [208, 264]. It was perform ed as follows: 100-pL polypeptide sam ples 
(e.g., 100 XL electroelu ted  from  gel strips) were added  to tubes containing 1.9 mL 
of a m ixture of F A  (70 % final), EG  (5 °/o final) and water. Sam ples w ere incubat­
ed at 40 °C for 6 - 20 h with continuous shaking, and then lyophilized for 2 h. The 
residues in the tubes (a viscous paste) were used im m ediately or stored  frozen. 
W hen used, they were dissolved with a  LM W  Sam ple Buffer (from  1 m L LMW  
upper reservoir buffer + 500 p i LDS + 100 pi sucrose + 50 p i sa tu ra ted  BPB) and 
loaded in LM W  gels (1.5 mm thick if for analytical purposes, or 2 mm thick if for 
preparative isolation of free or crosslinkcd fragm ents).
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10. Oxygen evolution assays.
These assays were perform ed according to standard  procedures [e.g., 106,119, 
188] with a C lark-type electrode, which was attached to  a voltage recorder via a 
current-voltage converter and am plifier. T he electrode's cham ber (1.5 mL capacity) 
was closed at its bottom  by the  platinum  electrode's fitting. This cham ber was 
outfitted with a small m agnetic bar revolving right above the nylon m em brane 
(perm eable to 0 2) covering the electrodes. Prior to  the m easurem ents, the system 
was calibrated betw een the saturating O , line and the zero oxygen line. The satu ra t­
ing 0 2 line was ob tained  with the reaction m edium  (50 m M  M ES-NaO H pH  6.4, 
400 mM sucrose, 10 mM NaCl, and 10 mM C aC l2) com pletely ae rea ted  and at the 
tem peratu re of the assay, while the zero oxygen line was a ttained  by adding sodium 
dithionite crystals to the reaction m edium. From  the recorded curves of oxygen 
evolved over time, the activities were determ ined  from initial rates at 4 or a t 22 °C. 
For m easurem ents of O E R C  complex activity, 5 - 20 pg  Chi and up to 2 mM 2,6- 
dichloro-p-benzoquinone (D C B Q  m ade 100 mM in pu re  ethanol) were used per 
assay. For O E R C  core fractions (eluted from Sephacryl* S-300 colum ns), activities 
were m easured by diluting 50 p. L of each fraction with 1 m L of reaction m edium  
and 700 p M final DCBQ.
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RESULTS AND DISCUSSION
1. Preparation of OERC complex and core.
Suspensions of spinach O E R C  complex and O E R C  core w ere obtained 
sequentially as shown in Table 1 (i.e., in the o rder class II chloroplasts, PS II m em ­
branes, O E R C  com plex and O E R C  core; see page 6). A typical p rep ara tio n  of 
Class II chloroplasts rendered  betw een 130 and 220 mg C hl/K g o f leaves, yields 
sim ilar to those atta ined  before [47]. The yields of PS II m em branes ranged be­
tween 30 and 40 %  of the Chi contained in the Class II chloroplast preparations. 
The p ro te in  com position of PS II m em branes is illustrated  in Fig 4. Sim ilar yields 
and pro tein  com position of PS II m em branes were ob tained  before [104, 115]. A 
typical suspension o f O E R C  com plex produced 10 - 15 %  of the Chi con ten t of PS 
II m em branes, so the O E R C  com plex yield was 2 - 6 %  of the Chi con ten t of 
chloroplasts. T he p ro te in  constitution of O E R C  com plex is also illustrated  in Fig 4. 
This figure shows a Coom assie Blue stained blot after an  electrophoretic  separation  
of PS II m em branes and O E R C  complex. In accordance with the expected protein 
com position (Table 2, page 7), it can be seen that intensely stained com ponents of
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Figure 4. Blot o f  an  SD S-PA G E gel o f PS II m em branes (10 ^ g  Chi; lane l) and 
O ERC complex (5 /r g  Chi; lane 2). The sam ples were electrophoresed in a low m olecular mass gel 
type, blotted to Immobilon (a PV D F m em brane), and stained with C oom assic Blue. T he major PS 
II proteins are indicated, along with M W  markers.
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O E R C  com plex include CPa-1 (a  doublet a t  = 50 kD a), CPa-2 (a t 45 kD a), MSP (a t 
33 kD a), various LH C  proteins (Chl-binding proteins betw een 24 and 30 kD a), CP- 
29 (at = 29 kD a), and Cyt bSS9 (at = 9 and 4 kD a for the a  and P subunits, respec­
tively). T he diffuse-band proteins, nam ely D1 and D2, are  noticeable at = 34 and 
32 kDa, respectively. O ther bands are also visible. In addition to all these proteins, 
the lane with PS II m em branes includes the intensely stained L H C  polypeptides 
(betw een 23 and 30 kDa), and the extrinsic 24- and 17 kD a proteins, which are 
rem oved upon trea tm ent of PS II m em branes with the detergent O G P  (e.g., during 
p repara tion  o f O E R C  com plex) [119], or with various salt washes (pages 12 - 14).
O E R C  complex suspensions p repared  from  PS II m em branes had Chi a to 
Chi b ratios betw een  11 and 20 (average = 14), indicating a relatively high purity 
(m ost Chi a /b  L H C  antenna proteins had been elim inated). The oxygen evolving 
activity from  H 20  to  DCBQ (700 p M) o f these O E R C  complex p repara tions was 
around 1,400 p m oles 0 2 (mg C h i) '1 h '1. Both the Chi a /C h l b ratios and the activi­
ties o f the  complex w ere com parable to published results [119].
This type of O E R C  com plex p reparation  was then  used to chrom atographical- 
ly isolate O E R C  core. Typically, O E R C  core particles contained few er proteins 
than an O E R C  complex preparation, had Chi a  to Chi b ratios around 20, and had 
oxygen evolving activities of about 400 p moles O , (mg C h i) '1 h '1. T he m ost intensely 
stained proteins w ere CPa-1, CPa-2, D l, D2, MSP, and Cyt b5S9. O f the elu ted  
fractions, the only fractions containing Cyt b5S9 were those containing O E R C  core 
particles (results not shown). These results agree w ith previous findings [119].
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D uring the  chrom atographic preparation  o f  O E R C  core, addition of 5 mM  
CaCU to Solution F  proved essential for m aintain ing 0 2-evolving activity, which 
otherw ise was lost due to  the long elu tion times (= 30 h total). T he lack o f C aC l, 
in the m edia could have been  the reason  why a n  early a ttem p t a t preparing an 
active O E R C  core failed [353]. T he absence o f C aC l2 in a Solution F used previous­
ly [119] probably did no t affect the O E R C  core activity due to the relatively short 
elution tim es (about 1/2 h) in the  utilized FPLC apparatus.
2. Crosslinking of OERC's with DTSP.
T o fu rther establish neighborhood relationships betw een particular PS II 
proteins, the  hydrophobic crosslinker D TSP (1.2 nm range; Fig 2, page 22) was 
utilized to crosslink both  O E R C  complex and O E R C  core particles. DTSP was used 
mainly because o f the  ra th e r hydrophobic nature (excluding M SP) o f the polypep­
tides com prising the O ERC's.
A. Recognition of crosslinked products in one-dimensional LDS-PAGE.
I. Prelim inary experim ents.
O E R C  core was trea ted  with various DTSP concentrations and then subject­
ed to PA G E . A  few high m olecular mass crosslinked products appeared  with
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increasing concentrations of DTSP. O E R C  com plex was also trea ted  with various 
DTSP concentrations, and then electrophoresed  under diverse conditions. Several 
high m olecular mass products appeared  as the concentration  o f D TSP increased. A  
particularly  intense product (100 XL) was observed at 100 kD a. Also visible were 
a  crosslinked product a t = 20 kDa, and two in tram olecular M SP products. All the 
observed crosslinked products d isappeared upon  reduction with P -M E.
A  tim e course o f O E R C  com plex crosslinked with 0.5 m M  D TSP (Fig 5) 
showed that several new bands appear, especially a t ra ther high m olecular masses 
( > 5 0  kD a), as the incubation tim e with DTSP increases. T he form ation of these 
crosslinked products is concom itant with the d isappearance of PS II polypeptides. 
Som e positively identified  crosslinked products are  shown by arrow heads at = 150, 
110, 70, 60 and  53 kD a. In addition, the arrow  points to 100 XL.
II. Salt w ashes.
M ore specific results were obtained by utilizing an tibodies raised against 
particu lar PS II proteins. For exam ple, Fig 6.A pictures a blot im m unoprobed with 
a -33, a m ouse polyclonal that specifically recognizes MSP and its crosslinked prod­
ucts. This figure illustrates an  SDS-PA GE o f tim e courses o f salt-w ashed O E R C  
com plex crosslinked w ith D TSP (0.5 mM). T he control trea tm en t (lanes 1 -4) shows 
that m any crosslinked products appear, a t increasingly higher m olecular masses, as 
tim e passes in the presence o f DTSP. Crosslinked products involving M SP can be
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Figure 5. Tim e course o f O E R C  com plex crosslinked with 0.5 m M  D TSP. This figure
depicts an SD S-P A G E  gel stained with silver. The treatm ents w ere performed as follows: to aliquots 
o f  O ER C  com plex (214 /xg Chi) suspended in a buffer (3 0 0 /rL  o f  50 mM phosphate, pH 7.4), 3 /r L  
o f  50 mM DTSP in DM SO  were added and, after the indicated incubation tim es, glycinam ide to 100 
mM was added to stop the crosslinking reaction, followed by inclusion o f iodoacctam idc to 40 mM to 
avoid disulfide exchanges. T he samples w ere then frozen until used. Som e o f the controls perform ed  
included: incubation for 120 min with D M SO  without DTSP (C 1); incubation for 120 min with 
phosphate buffer only (C2); and non-trcatcd O E R C  com plex (C 3). The m olecular m asses for protein  
markers are indicated, as well as for the identified PS II proteins (for the polypeptides o f LHC's and 
the two subunits of cytochrom e b5S9, only the general location is indicated).
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Figure 6.A. N itrocellulose blotting o f an  SD S-PA G E of a  tim e course of O E R C  
complex crosslinked with DTSP (0.5 mM), in the absence o f reductants. Prior to
crosslinking, aliquots o f  O E R C  com plex were washed (see  M aterials and M ethods) either with 
resuspension buffer (lanes 1 - 4), 1 M NaCl (lanes 5 - 8), 1 M CaCt, (lanes 9 - 12), or 1 M Tris-HCl 
pH  9.4 (lanes 13 - 16). The washed sam ples were treated with D T sP  for 0  (lanes 1, 5, 9 & 13), 10 
(lanes 2, 6, 10 & 14), 50 (lanes 3, 7 ,1 1  & 15), and 100 min (lanes 4, 8 ,1 2  & 16). T hese sam ples were 
then electrophorcsed in a 12.5 - 20 %  acrylamidc gel (along with the indicated M W  m arkers), electro- 
transferred to nitrocellulose, and probed with a -33 (against M SP). The 100 kDa crosslinkcd product 
(100 XL) is m arked by an arrow.
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F igure 6.B. N itrocellulose blotting sim ilar to that of Fig 6.A, but the  probe was 
FA C 2 (a m ouse monoclonal raised against C Pa-1). T he lanes and labels arc the sam e as for Panel 
A. Particularly intense crosslinked products appear at «  100 kD a (arrow; 100 X L ) as well as at «  120 
and 150 kDa (arrowheads), in the resuspension and NaCl washes. A  crosslinked product appearing at 
w  60 kDa (m arked with an *) rem ains being formed with all washes. A faint erosslinked product seem s  
to  be formed at a  80  kDa (**) only when MSP is not present (CaCl, and Tris washes).
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seen  a t = 150, 110, 100, 90, 70, 56, 52, 50, 39, 37, 35 and 34 kDa. Since the particu­
larly in teresting 100 kD a product (arrow ) is revealed by a -33, it indicates the in­
volvem ent o f M SP (also see Fig 5). In tram olecular products o f M SP at 27 and 30 
kD a are  also apparen t at the latest incubation times.
R em oval o f  MSP by CaC l2 and alkaline Tris washes p rio r to crosslinking 
should preclude th e  form ation of any crosslinked product involving this protein . No 
crosslinked products or in tact MSP could be detected  by the im m unoprobe ( a -33) 
upon rem oval of MSP (lanes 9 -16 ), as opposed to washing with resuspension buffer 
only (a  control) (Fig 6.A). As a second control, washing of O E R C  com plex with 1 
M NaCl was perform ed, trea tm en t that removes extrinsic proteins but it does not 
rem ove MSP. This trea tm ent (lanes 5 - 8) produced a p a tte rn  sim ilar to th a t o f the 
resuspension buffer washing (lanes 1 - 4), thus confirm ing the involvem ent of MSP 
in the crosslinked products observed.
O E R C  complex was washed, crosslinked for various times, electrophoresed, 
transferred  to  NC, and im m unoprobed with FAC2 (a m ouse m onoclonal against 
CPa-1) [107]. A crosslinked product appeared  at = 100 kD a (arrow ) and two less 
intense products a t  = 120 and = 150 kD a (Fig 6.B). U pon rem oval o f MSP (C aC l2 
and Tris-H Cl washes), none of these three crosslinked products was apparen t. This 
indicates that a t least these th ree  products, involving the intrinsic CPa-1, also include 
the  extrinsic MSP, or that the  presence of MSP m ight have allowed the form ation 
of crosslinked products betw een CPa-1 and o ther PS II proteins. In addition, the 
absence of M SP may perm it the form ation o f crosslinks betw een CPa-1 and o ther
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PS II proteins. F o r example, in Fig 6.B an o th er crosslinked product (a t = 60 kDa; 
m arked with **) appeared  only when MSP was no t p resen t (CaCU and Tris-H Cl 
washes). Thus, this product was form ed betw een CPa-1 and ano ther polypeptide 
only w hen MSP was not shielding the crosslinking site on CPa-1, adding to the 
generalization tha t MSP is associated with CPa-1. Salt-washing experim ents per­
form ed with ED C -crosslinked PS II m em branes also allowed to  conclude th a t MSP 
is closely associated  with CPa-1 [46, 248].
O th er antibodies w ere also utilized to probe parallel blots o f tim e courses of 
O E R C  complex crosslinked with 0.5 mM DTSP. These blots showed tha t o th er PS 
II p roteins, such as CPa-2, D2 and Cyt b5Sg, also gave rise to  crosslinked products as 
incubation time increased. In addition, from these blots it was deduced tha t 100 XL 
involved MSP and CPa-1, but not CPa-2, D2 or Cyt b559 (results no t shown).
III. Split-lane experim ents.
C rosslinked O E R C  com plex was electrophoresed  and  the gel was blotted. A 
blot lane was split vertically, and each half-lane was probed  with a -33 (for MSP) or 
FAC2 (for CPa-1). At least two crosslinked products reacted  with both  FAC2 and 
a -33 (Fig 7). T hese  crosslinked products had MWobs of 100 kD a (100 XL) and = 
120 kDa.
T h e  a -5 (polyclonal against CPa-1) and a -33 antibodies w ere used to  probe 
blotted half-lanes from  a dual P A G E  (a  D M  gel followed by an LDS gel; Fig 7).
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Figure 7. Split-lane im m unoblots. Strips C 1, C2, 1 & 2 w ere prepared with O E R C  com plex  
aliquots (10 / tg  Chi), either erosslinked with DTSP (1 mM , 1 h; str ips 1 & 2 ), or treated without it 
(control str ips C 1 & C2). The sam ples were clcclrophorescd in a 12.5 - 20 %  gradient gel and blotted 
(100 V«h). T he blot was blocked (5 %  dry non-fat milk), the lanes were split in half and the resulting 
vertical strips were probed with FAC2 (str ips C1 & 1), or with a -33 (str ip s C2 & 2). T he two 
uppermost arrows indicate putative crosslinked products that react with both FAC2 and a -33, thus 
involving CPa-1 and MSP.
Strips 3 & 4 correspond to a split-lane iinmunoblot after dual electrophoresis. DTSP-cross- 
iinked O E R C  com plex (1 mg Chi) was clcctrophorescd in a 4 - 7 %  gel containing 0.05 %  D M . A 2 
cm high horizontal band, containing 100 XL, was excised and clcctrophorescd in a 12.5 - 20 % gradient 
LDS-gel. T he gel was blotted (120 V*h). The blot was split into vertical strips, which were probed 
with various antibodies. Shown here arc a strip probed with a -5 (polyclonal against CPa-1; strip 3) 
and an adjacent strip probed with a  -33 (strip  4 ). Again the two uppermost arrows indicate erosslinked 
products at 100 a n d «  120 kDa, both o f which involve CPa-1 and MSP.
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Crosslinked products, at = 100 and 120 kD a, reacted  sim ultaneously with a -5 and a -  
33, thus involving CPa-1 and MSP. These results also suggest tha t the dual electro­
phoresis system  (D M  followed by LDS) should b e  an  appropria te  procedure to 
isolate preparative quantities of relatively pure 100 XL.
In addition, duplicate split lanes probed with o ther antibodies (da ta  not 
shown) indicated that MSP and C Pa-2 form ed discre te  erosslinked products and 
either CPa-2, Cyt b559 nor LH C  polypeptides form ed part of 100 XL.
B. Recognition of crosslinked products in two-dimensional diagonal 
LDS-PAGE.
As a  fourth way to verify w hether M SP and CPa-1 are erosslinked to each 
other by DTSP, two-dim ensional diagonal electrophoresis was utilized. O E R C  core 
and O E R C  complex particles were crosslinked with DTSP and subjected to two- 
dim ensional diagonal LD S-PA G E. Cyt b559, LHC's, MSP, D2, D l, CPa-2 and CPa-1 
are O E R C  complex proteins that w ere crosslinked to  various extents (Fig 8). Each 
p ro tein  partic ipated  in several erosslinked products, as evidenced by the horizontal 
"lines" of proteins form ed below  the diagonal. Exam ples of crosslinks are represen t­
ed by the th ree  vertical lines containing CPa-2 and M SP polypeptides (arrow heads), 
which correspond to = 150, 120 and 95 kD a crosslinked products. T he arrows 
indicate two vertical lines containing CPa-1 and MSP polypeptides, corresponding to 
the ~ 118 and 100 kD a crosslinked products. D TSP-crosslinked O E R C  core also
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Figure 8.A & B. Silver staining of gels corresponding to  a tw o-dim ensional diagonal 
LD S-PA G E  of O E R C  com plex (6 /rg C h I)  trea ted  with 500 p M  D TSP (panel A) or 
w ithout it (panel B; next page). Both electrophoreses were in 12.5 %  acrylamidc uniform gels 
without reductants (first dim ensions), or with reductants (incubation o f first dim ensional strips in a 
solution containing 50 mM Tris-HCl pH 6.8, 1.3 % SDS, 6 % sucrose, 2 % p -M E  and BPB, and 0.02 
T  T G A  in the upper reservoir buffer for the second dim ension electrophoresis). Arrows indicate the 
CPa-1 and M SP polypeptides that participated in 100 and 115 kDa products. Arrowheads indicate the 
CPa-2 and M SP polypeptides which participated in the 95, 120 and 150 kDa products.
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Figure 8. Panel B.
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produced vertical lines of M SP with CPa-1 and MSP with CPa-2 (not shown). These 
exam ples point, respectively, to  the close association betw een MSP and CPa-2, and 
betw een M SP and CPa-1.
A ntibodies recognizing MSP o r CPa-1 w ere used in im m unoblots o f two- 
dim ensional diagonal LD S-PA G E. An im m unoblot of D TSP-crosslinked O E R C  
com plex probed  sim ultaneously with a -33 and FAC2 showed the  existence of 
polypeptides th a t fall on vertical lines below the diagonal, indicating that both MSP 
and CPa-1 are  proteins that w ere erosslinked together (Fig 9). Two m ajor vertical 
lines of MSP and  CPa-1 polypeptides descend from crosslinked products at 100 and 
= 118 kDa, implying that M SP and CPa-1 are in close proximity in the O E R C  
complex. A control blot (no D TSP) exhibited no crosslinks. A sim ilar im m unoblot 
probed  with a  -33 and a  -6 (against CPa-2) also showed th a t MSP and CPa-2 are  in 
close vicinity in the O E R C  complex.
This association betw een MSP and  either of the in terio r an tenna proteins is 
consistent with published results indicating that CPa-1, and CPa-2, are in close 
proximity with MSP [36, 44, 46, 52a, 90, 91, 93, 128, 168, 248, 250, 353].
C. Recognition of erosslinked products by the dual electrophoresis
(DM /LDS) system.
As a fifth way to ascertain  w hether MSP and CPa-1 are crosslinked to  each 
o ther by DTSP, tw o-dim ensional dual (native followed by denaturing) P A G E  was
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Figure 9. Im m unoblot from  two-dim ensional diagonal LD S-PA G E  of crosslinked 
O E R C  complex (see Fig 13.A), p robed  sim ultaneously with a -33 (against M SP) and 
FAC2 (against CPa-1). Arrows indicate CPa-1 and M SP polypeptides appearing on a vertical line 
below the diagonal.
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used. Prelim inary electrophoresis o f un treated  O E R C  com plex was perform ed in a 
gel containing a  transverse concentration  grad ien t o f D M  (0 - 0.25 %  w /v). The 
best resolution o f g reen  native com plexes was achieved a t abou t 0.05 % D M  (data 
not shown). T he first dim ension electrophoresis (4 - 7 %  acrylam ide with 0.05 %  
D M ) should resolve non-affected complexes o f PS II from  complexes containing 
crosslinked products involving MSP (e.g., 100 XL), since MSP m igrates well ahead 
from  the rest of a "PS II core" in a  D M  gel [24]. The second dim ension elec tropho­
resis (12.5 - 20 %  acrylam ide in the presence of LD S) released, in a  vertical line, the 
individual proteins form ing native complexes (F ig 10) [24]. F urtherm ore, polypep­
tides appearing in a D T SP-treated  sam ple (Fig 10.A, arrow heads), but not in a  non­
trea ted  sam ple (Fig 10.B), indicate crosslinked products. M ost of these crosslinked 
products were identified  on  im m unoblots of gels identical to those in Figs 10.A & B.
T he blots in Fig 11 were probed  with a -33. In panel A, the open arrow head 
shows various isom orphs o f  non-crosslinked M SP, w hereas the arrows show groups 
o f  intram olecularly crosslinked M SP species. A rrow heads indicate interm olecular 
crosslinked products that include MSP. N one of these crosslinked products ap ­
p eared  in the contro l im m unoblot (panel B). T he arrow head m arked by the * 
points to 100 X L (see Figs 10 & 12).
T he blots in Fig 12 were probed  with FA C2. In panel A the arrow heads 
indicate crosslinked products, since these polypeptides w ere not present in the 
control blot (panel B). T he open arrow head m arks a sharp band corresponding to 
the  = 60 kD a crosslinked product m entioned in Figs 5 & 6.B, and assum ed to
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Figure 10.A & B. Silver staining o f a  two-dim ensional D M /L D S -P A G E  of O E R C  
complex trea ted  for 1 h with 1 mM D TSP (panel A), o r w ithou t D TSP (panel B). 
Sam ples (1 2 /zg C h l in 80 /r L) were diluted with 1 %  DM + 6 %  sucrose + B P B , centrifuged, and the 
supernatants clcctrophorescd in a 4 - 7 % gel containing 0.05 %  D M . From this first dim ension, lanes 
were excised, prcincubatcd in a m edium  (50 m M  Tris-MCl pH 6 .8 ,1 .3  %  LDS, 6 %  sucrose, and BPB) 
for 30 min and loaded sideways on top  of slab gels (12.5 - 20 % acrylamide) for  the second dim ension  
electrophoresis (with 0.1 %  LDS in the upper reservoir buffer). In panel A, the arrowheads indicate 
discernible erosslinked products. The arrowhead with the * marks 100 XL.
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Figure 10. Panel B.
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F igure 11.A & B. Im m unoblots of tw o-dim ensional D M /L D S -P A G E  of O E R C  
com plex trea ted  for 1 h with 1 mM DTSP (panel A), o r w ithout D TSP (panel B), 
like the gels p ictured in Fig 10. The gels were blotted onto nitrocellulose (140 V« h). The blots 
were blocked (5 % non-fat dry milk, Carnation ), probed overnight with a. -33, challenged for 3.5 h with 
a 1 : 1,000 dilution of an anti-m ouse Ig conjugated to horseradish peroxidase, and color developed with 
4-chIoro-l-naphtol. In panel A, the open arrowhead shows various isom orphs o f  non-crosslinked MSP, 
while the arrows show  groups o f intramolecular crosslinks o f various M SP species. Solid  arrowheads 
indicate other erosslinked products. T he arrowhead with the * points to 100 XL. a For electrophoret­
ic conditions, see gels pictured in F ig 10.


























Figure 11. Panel B.
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Figure 12.A & B. Im m unoblots of two-dim ensional D M /L D S -P A G E  o f O E R C  
complex treated  for 1 h with 1 mM  DTSP (panel A), or w ithout D TSP (panel B).
These blols were obtained as those pictured in Fig 11, but they w ere iramunoprobed with FAC2. The  
open arrowhead marks a 56 kDa erosslinked product o f  CPa-1 and a sm all intrinsic PS II polypeptide. 
Solid arrow heads indicate other erosslinked products. The arrowhead with the * points to 100 XL. 
a For electrophoretic conditions, see gels pictured in F ig  10.
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Figure 12. Panel B.
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involve CPa-1 and a sm all intrinsic PS II polypeptide. But the most interesting 
featu re  is rep resen ted  by the arrow head with the *, which points to  100 X L (Figs 10 
& 11). T herefore, it is again dem onstrated  that 100 XL includes CPa-1 and MSP.
Thus, this new way of identifying 100 XL by two-dim ensional D M /L D S - 
P A G E  (Figs 10 - 12) illustrates once m ore the close association o f MSP and CPa-1. 
This is further supported by the presence of two o th er crosslinked products at about 
118 and 150 kDa, both of which include MSP and CPa-1 (see the two upperm ost 
arrow heads in Figs 11.A & 12.A). T he crosslinked product a t 118 kD a can also  be 
observed in Figs 5, <>.A & B, 7, 8.A & 9, and the product a t 150 kD a can also  be 
visualized in Figs 5, 6.B an d  7. In addition to MSP and CPa-1, this 150 kD a product 
appeared  to contain CPa-2 as well (results not shown).
Until now it has been observed that a  variety of interm olecular crosslinked 
products betw een PS II proteins can be detected  by various m eans. A particularly  
intense product that has been recognized in virtually all occasions is 100 XL, so 
attem pts w ere m ade to isolate and characterize it.
D. Isolation of 100 XL.
Normally 100 XL was isolated by the dual (D M /L D S ) P A G E  system (page 
39). However, in early experim ents, 100 XL was isolated by m ultiple e lec trophore­
sis. In one o f these early experim ents, gel strips containing isolated 100 XL were 
blotted, and the blots w ere e ither stained  with am ido black, o r im m unoprobed with
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a -33 or with FAC2 (Fig 13). Strip 3, containing erosslinked O E R C  complex (includ­
ed as reference) shows 100 XL (arrow ) and the = 118 kD a (arrow head) crosslinked 
products, which w ere recognized by antibodies against MSP and  CPa-1 (see Figs 6 - 
12). S trip 6, containing a reduced sam ple of D T S P -trea ted  O E R C  complex, depicts 
the d isappearance of both crosslinked products. T h e  isolated 100 XL appears 
relatively pure on the am ido black-stained lanes (1 & 2). Both a -33 (strip 4) and 
FAC2 (strip  5) recognized 100 XL. O n the o ther hand, half lanes with reduced 
sam ples depict the d isappearance o f 100 X L in conjunction with th e  release of CPa- 
1 (strip 7) and MSP (strip 8), again indicating th a t 100 X L  represents a close 
association occurring betw een these two PS II proteins.
In addition, an approxim ately 150 kD a crosslinked product (150 XL) was 
isolated and trea ted  as 100 XL (previous paragraph), dem onstra ting  that MSP, CPa- 
1 and CPa-2 w ere included in this p roduct (da ta  not shown), which implies tha t MSP 
and both in terior an ten n a  proteins are closely associated in PS II.
D espite the usefulness o f the m ultiple electrophoresis m ethod (F ig 13), 
problem s of low loads (strips 7 & 8) o r streaking (lane 2) w ere observed. To 
circum vent these problem s, 100 XL was then isolated by the dual (D M /L D S ) PA G E  
system (page 39), followed by e lec troelu tion  and concentration . This procedure 
yielded highly concentrated  solutions of 100 XL, ad eq u a te  to perform  CNBr and FA 
cleavage studies.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
Figure 13. Split lane im m unoblots o f 100 XL isolated by m ultiple electrophoresis. 
DTSP-crosslinked O ERC com plex was clcctrophorescd in a preparative 4 - 7  % gel with 0.05 % DM . 
A  horizontal band containing 100 X L  was excised and clcctrophorescd in a preparative 12.5 - 20 %  
LDS gel, which was stained with CuCl2 [202] to visualize the erosslinked polypeptides at around 100 
kDa. A  light diffuse band was visible as a negative staining against the white-bluish background. A  
narrow strip containing 100 XL was excised and incubated in a chelating solution (250 mM  E D T A  + 
250 m M  Tris-HCl pH 9.0) to rem ove the copper. This strip was diced and split into two sam ples: one  
half o f  the pieces was incubated for 30 min in a non-reducing m edium  (50 mM Tris-H C l pH 6.8, 1.5 
%  LDS, 6 %  sucrose and a few BPB crystals), and the other half was incubated (30 min) in the sam e  
medium  plus 2 %  |3-M E. The non-reduced sample (lanes 1 & 2 and strips 4 & 5) was clectro- 
phoresed in an LD S gel (2 mm, 12.5 - 20 %  acrylamide), along with a lane o f  DTSP-crossiinkcd O E R C  
com plex (lane 3) and protein markers. The gel was then blotted (120 V * h ), and the blot was stained  
with am ido black (lanes 1 & 2), or probed with FAC2 (lane 3 and strip 5) or with a-33 (strip 4). The 
reduced sam ple (str ips 7 & 8) was electrophoresed in an LDS gel (with 0.02 %  T G A  in the upper 
reservoir buffer), along with a lane o f  reduced DTSP-crosslinkcd O E R C  com plex (lane 6). The gel was 
blotted (90 V» h) and the blot was probed with a  -33 (strips 6 & 8) or with FAC2 (strip 7). Lane 1 
shows isolated 100 XL, while lane 2 shows a higher load o f 100 X L . Lane 3 illustrates the presence o f  
100 X L  (arrow) and the a  120 kDa (arrowhead) erosslinked product. Both a -33 (strip  4) and FAC2 
(strip 5) recognized the isolated 100 X L  (small arrows). Lane 6 is a reduced lane o f  DTSP-crosslinked  
O E R C  complex (100 X L  disappears). In addition, reduction of the isolated 100 X L  releases both CPa- 
1 (str ip  7) and M SP (strip  8).
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3. Cleavages of 100 XL.
A. Background.
The relative position of the CNBr cleavage site of M SP (a t the M-T bond), 
the relative location of the FA  cleavage site (a t the D-P bond), and  the calculated 
m olecular masses o f the fragm ents are shown in Fig 14. This sketch was based on 
the amino acid sequence of MSP, which was established by direct sequencing [252], 
and by deduction from  its gene sequence(s) [182, 310, 326]. T h e  deduced m olecular 
masses were calculated as shown in the legend. The observed electrophoretic 
m olecular mass o f these fragm ents (= 11.5 and = 21 kD a for the small and large 
CNBr fragments, and = 18 and = 1 1  kDa for the large and small FA fragm ents) 
differs from th e  calculated values due to anom alous m igration(s). For this same 
reason, the total M W obs for whole MSP in a LM W -LD S-PA G E system is about 28 - 
30 kDa, while the MWobs of MSP with a  Laem m li system is abou t 33 kD a (hence, 
MSP has been  called the 33 kD a extrinsic protein). T hese mobilities should be 
com pared with the MSP's m olecular mass of = 26.7 kDa, deduced from  its amino 
acid sequence [252, 310]. A lm ost any part of the MSP prim ary structure could be 
crosslinked to CPa-1 by DTSP. However, the lysyl residues tend to be located 
toward the ends o f this protein: there are 11 lysines in the sm all CNBr fragm ent 
(am ino term inus; 14 %  of the am ino acids are  lysines), 8 lysines in the small FA 
fragm ent (carboxyl term inus; 9 %  o f the am ino acids are lysines), and 4 lysines in
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Figure 14. Sketch o f the spinach MSP, illustrating the relative position o f the 
C N B r cleavage site (at the M-T bond), as well as the relative location of th e  FA 
cleavage site (at the D-P bond). Also indicated are the molecular m asses o f the fragments, as 
calculated from the amino acid sequence o f  the spinach MSP already described [252], The deduced  
m olecular m asses were calculated by adding the m olecular masses o f  the fragment's am ino acids 
(n ), and subtracting the m olecular mass o f j i J  water m olecules, i.e.:
M W frg = (S," M W aa) - 18- (n-1)
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the  overlapping region of the large CNBr and large FA fragm ents (p ro te in  middle 
section; 5 %  of the am ino acids a re  lysines).
A line sketch of the spinach CPa-1 prim ary structure, w ith the relative 
positions o f the CNBr and FA  cleavage sites, the  corresponding fragm ent num bers 
and  their deduced m olecular masses, a re  displayed in Fig IS. T he m olecular masses 
of the resulting cleavage fragm ents o f CPa-1 w ere calculated as for M SP (Fig 14), 
based on the published spinach CPa-1 sequence [42, 233]. Only a few o f the CPa-1 
cleavage fragm ents have been thoroughly identified; for example, the CNBr-frag- 
m ent #  12, which carries the ep itope for the m onoclonal FA C2 and  com prises a 
large portion  of the large extrinsic loop, has been  observed with a m obility equiva­
lent to 15.7 kD a [107], or = 17.0 kD a in a LM W  gel system (e.g., see Figs 18.B & C, 
page 88). By examining the sequences of the CPa-1 fragm ents, it can  be observed 
that: a) C N B r fragm ents #  8, 10, 11 and 12 contain  lysines, to which D TSP could 
be attached. Each of these fragm ents possesses lysyls which would be lum enally ex­
posed and, therefore, may potentially  be in or n ea r (a) binding site(s) for MSP (e.g., 
lysine residues could form  salt bridges) [248, 250]. Thus, such lysyls may participate 
in crosslinking CPa-1 to MSP. T h e  free am ino term inus (m eth ionine in fragm ent #  
1) could conceivably bind DTSP; even so, this am ino group m ight not partic ipate in 
crosslinking to MSP as it might be located on the strom al side of the m em brane 
[42]. b) O f the FA  fragm ents, only fragm ents # 6 - 1 0  contain  lysines, to which 
D TSP could be bound. O f these, only fragm ents # 7 - 9  may partic ipa te  in direct 
crosslinking with MSP, as they a re  the only segm ents with lysyls po tentially  exposed
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Figure 15. Sketch of the spinach CPa-1. The num bers above and below the thick line show  
the positions for the FA and CN Br cleavage sites. The corresponding fragment numbers and their 
deduced m olecular masses (in kD a) arc indicated by numbers in oblique writing. From the sequence  
of the spinach CPa-1 [233|, the m olecular m asses o f these fragments were calculated as for M SP (sec  
legend to Fig 14). The approximate positions o f the six putative transmembranc a -h e lices  are also 
illustrated, along with the expected sidcdness o f  the loops and ends [42, 320]. S stands for stromal side, 
and L  for lumcnal side. Between helices V and VI resides the large extrinsic loop of CPa-1, which is 
lumenaily exposed and seem s to serve as binding site for M SP [233]. In addition, the *'s under the 
thick line indicate lysyl residues which might becom e directly crosslinked to MSP, since they are 
thought to be exposed to the lum en of the thylakoids. O ther lysyls (not shown) arc expected to be 
located on the stromal side of the membrane.
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toward the lum en. This analysis is valid only if the pro teins are  m aintained in a 
sided-m em brane context, so two m ain assum ptions are m ade here: a) In O E R C  
complex the  pro tein  orien ta tion  through the m em brane is m ain tained  in a  relatively 
native state; this is possible, since O E R C  com plex evolves oxygen w ith relatively 
high rates [1,400 p. m oles O , (mg Chi)"1 h’1]. b) T h e transm em brane orien ta tion  of 
the six putative a -h e lices  o f CPa-1 exists as p red ic ted  [42, 320].
Fig 15 also depicts the approxim ate position of the six putative transm em ­
brane a-helices, the expected sidedness of the loops and ends, and the  lysyl residues 
(*'s) which may becom e directly crosslinked to MSP. T hese lysyls may be exposed 
to the lum en of the thylakoids, where MSP is associated [6, 12, 20, 188].
T he above analysis furnishes a foundation of what should be encountered 
when cleaving MSP and CPa-1 with CNBr or FA. It should also help in understand­
ing the resulting patterns o f cleavage o f 100 XL. For exam ple, unique fragments 
containing the crosslinked fragm ents o f MSP and  C P a-l should ap p ear in the  100 
XL cleavage patterns. T hese crosslinked fragm ents should then  be detected  forming 
a vertical line below the diagonal in a  two-dim ensional diagonal PA G E  system. 
Sequencing o f the released fragm ents should yield their unequivocal identity. The 
general developm ent of this procedure is described below.
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B. CNBr cleavages.
I. P relim inary experim ents. O ne dim ensional explorations.
A procedure for cleaving polypeptides e lectrophoresed  into gel pieces [246] 
produced low concentration o f the resulting fragm ents (particularly  for 100 XL), 
streaking, and form ation of m ultiple bands (due to p o o r stacking of the m olecules 
residing in the gel pieces). It was found in prelim inary experim ents that cleaving 
polypeptides in an  aqueous m edium  containing EG corrected  most o f  these prob­
lems (see Appendix). T he separation  of CN Br cleavage fragm ents using 10 %  E G  
showed (Fig 16.A) two CN Br fragm ents of M SP (lane 1), several individual frag­
m ents of 100 XL (lane 2), and  many fragm ents of CPa-1 (lane 3). Some of the 
fragm ents of 100 XL seem ed to coincide with som e of the CPa-1 and  MSP frag­
m ents, while o thers were unique to  100 XL, indicating that there was m ore than one 
crosslink occurring in 100 XL.
T reatm ent of MSP with C N B r (lane 4) o r  F A  (lane 6), and using the E G  
m ethod, produced two CNBr fragm ents of M SP (lanes 1 & 4) a t M W obs = 21 and
II.5  kD a (corresponding to the carboxyl and  am ino ends, respectively), two FA 
fragm ents (lane 6) a t MWobs = 18 and 11 kD a (corresponding to th e  am ino and 
carboxyl ends, respectively), and showed th a t both C N B r and FA cleavages are  
incom plete. The intact MSP is seen in lanes 1, 4 & 6. T hese incom plete cleavages 
seem  to be a result o f the chemical na tu re  o f the cleavage sites (page 23), and they 
cannot be split, regardless of the incubation times o r cleaving conditions.
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Figure 16. Panel A: Silver stained  gel from a  LM W -LD S-PA G E system, illustrating 
the separation  o f fragm ents from  CNBr cleavage in an  aqueous phase. For this, 100 
X L  was obtained by the dual D M /L D S  system (sec  text), where the 100 XL-containing bands in the 
LDS gels were excised, elcctroeluted and concentrated in Ccntricon 30 devices. M SP and CPa-1 were 
separated eleclrophorctically from CaC^-washcd O E R C  complex, in 12.5 - 20 % gradient gels, and the 
gel strips containing these polypeptides w ere excised, elcctroeluted, concentrated and cleaved for 6 h. 
The cleaved polypeptides were then lyophilized to a paste consistency, and elcclrophorcscd in a LMW- 
LDS gel containing 5 % EG. This gel was silver stained, and lanes 1 ,2  & 3 shown here are the CNBr- 
cleavcd sam ples o f MSP, 100 XL and CPa-1, respectively.
Panel B: Summ ary o f the  fragm ents o f MSP resulting from  cleavages with 
CNBr (lane 4; CB stained LMW gel) or with FA (lanes 5 - 8; blot o f  a LMW gel). Lane 4 is MSP  
cleaved with CNBr for 24 h in the presence o f  10 % E G , and clectrophorcsed in a LM W  gel containing 
5 %  DM SO. Lane 6 contains an M SP sam ple which was cleaved with 70 % FA for 6 h at 40 °C  in the 
presence o f 10 % EG , clectrophorcsed in a LMW gel, blotted onto Im m obilon , and probed with the 
polyclonal a  -33. Lane 5 is an MSP sam ple treated the sam e as that o f  lane 6, but without the FA. 
Lane 7 is actually a half lane containing PS II m embranes (8 j ig  Chi), and lane 8 has O E R C  com plex 
(4 /x g  Chi). Lanes 5, 7 & 8 were clectrophorcsed and im m unoprobed as lane 6.
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II. R ecognition o f crosslinked fragm ents with 2-D diagonal LM W -LD S-PA G E.
Even though diagonal electrophoresis has been widely utilized to  establish 
neighboring relationships betw een com ponents of pro tein  com plexes (see pages 20 
& 63), very little has been  reported  about diagonal electrophoresis designed to study 
fragm ents o f proteins [33]. In a few studies, interactions betw een CPa-1 and MSP 
have been dea lt at the level of cleavage fragm ents [44, 107, 248, 250], b u t diagonal 
electrophoresis has not been utilized, even though this technique should show the 
protein  dom ains which are participating in the associations betw een MSP and  CPa-1. 
W ith this in mind, experim ents of two-dim ensional diagonal LM W -LD S-PA G E of 
CNBr and FA -cleaved 100 XL w ere perform ed.
i) R ecognition of crosslinks in silver stained gels.
Fig 17 represents silver stained gels of a  diagonal LM W -LD S-PA G E of 100 
XL cleaved with CNBr. Crosslinked polypeptides are indicated by various "horizon­
tal strings" of polypeptides below the  diagonal, the m ajor ones corresponding to the 
whole M SP (since not all of it is cleaved by CNBr; m arked at = 28 kD a), to the 
large C N B r fragm ent of MSP (a t = 21 kD a), and to the 16.7 kD a C N Br-fragm ent of 
CPa-1 (as m arked). Som e o ther fragm ents are also visible. Panel B illustrates the 
virtual lack of peptides below the diagonal, indicating that the crosslinked fragments 
are still bound to each o ther due to  the virtual absence of reducing agents.
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Figure 17.A &  B . Tw o-dim ensional diagonal L M W -LD S-PA G E o f 100 XL cleaved 
with CNBr. The 100 XL isolated from four pairs o f  D M /L D S  gels was cleaved with CNBr in an 
aqueous phase in the presence o f 10 % EG , lyophilizcd, and clectrophorcsed, as a first dimension, in 
two lanes o f  a LM W -LDS gel in the absence o f reductants. For the second dimension, one o f  the two 
vertical lanes was incubated for 30 min in a stacking m edium  (50 mM Tris-HCl pH 6.8, 1.33 % LDS, 
6 %  sucrose, 2 %  p -M E, and BPB), laid horizontally on top o f  a LMW slab gel, and clectrophorcsed  
along with MW  markers, with 0.02 % v /v  T G A  in the upper reservoir buffer (panel A). T he second  
vertical strip was treated the same, except that the stacking m edium  did not have P -M E, and the upper 
reservoir buffer did not have T G A  (panel B). Both 2-D  gels were silver stained. Panel B illustrates 
the lack o f peptides below  the diagonal, while panel A shows various "horizontal lines" o f  peptides 
below  the diagonal, corresponding to the whole MSP (arrowhead, arrow), to the large CNBr fragment 
of M SP (atw  21 kDa; arrowhead), to the 16.7 kDa CNBr-fragm ent o f  CPa-1 (arrowhead, arrow), and 
som e other fragments at lower molecular m asses. The three arrowheads point to peptides lying on a 
sam e vertical line corresponding to the 16.7 kDa, the large CN Br fragment of M SP, ant the whole MSP 
(which is not com pletely cleaved by CNBr). The * shows that 16.7 kD a could have been crosslinked 
to the 3.3 kDa CPa-1 fragment ( #  11 in Fig IS). T he ** point to the 16.7 kDa fragment o f  CPa-1, 
joined by a vertical line to an 11.5 kDa fragment (the parent 100 XL fragment was «  27 kD a). The 
first vertical line of peptides (big arrow pointing up) show s many peptidic fragments being released  
from cither the whole 100 XL, or from aggregated crosslinkcd fragments; this m akes it im possible to 
assign any crosslinks to particular fragments based on the peptides found on this vertical line.
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Figure 17. Panel B.
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T here  was a crosslink betw een the large CNBr fragm ent of MSP and the 16.7 
kD a of CPa-1 (low er arrow heads, Fig 17.A). Peptides occupying an o th er vertical 
line (arrows, Fig 17.A) indicate tha t th ere  was a crosslink betw een the 16.7 kD a 
CNBr fragm ent of CPa-1 and (an )o ther peptide(s). T he presence o f  whole MSP on 
these sam e vertical lines (arrow heads, arrow s) is due to the incom plete cleavage of 
the M -T bond of MSP by CNBr. T he 16.7 kDa CPa-1 fragm ent could also be 
crosslinked to o th er CPa-1 fragm ents (see *, **, F igure 17.A).
ii) Recognition of crosslinks in im m unoblots.
Im m unoblots probed with a -33 (F ig 18.A) or with a -33 and FA C 2 (Fig I8.B) 
show that P -M E and  TG A  caused the release under the diagonal o f the whole MSP 
and of its large fragm ent (verifying that they are crosslinked). Since only the 16.7 
kD a fragm ent o f CPa-1 bears epitopes for FAC2, and the small fragm ent of MSP 
cannot be detected  with a -33, intram olecular crosslinks of MSP and  of CPa-1, and 
crosslinks of MSP to  small fragm ents o f CPa-1, would not be detec ted  on these 
blots. However, these types of crosslinks may be inferred  from peptides below the 
diagonal derived from crosslinked fragm ents with relatively low m olecular masses. 
For example, the * shows that the 16.7 kD a fragm ent was crosslinked to a fragm ent 
o f « 4 kD a (perhaps fragm ent #  11 in Fig 15), since the corresponding crosslinked 
fragm ent from  100 XL had a M W obs » 21 kD a (see Fig 17.A). Similarly, the 16.7 
kD a fragm ent m ight have been crosslinked to fragm ents #  8 or #  10 from  CPa-1,
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Figure 18.A. Im m unoblot of a  gel from a  two-dimensional diagonal LM W -LDS- 
PA G E  of 100 X L cleaved with CNBr. Cleavage and electrophoretic conditions were as those  
for Fig 17.A. This blot was probed with a -33. T he whole MSP and its large CN Br fragment are 
indicated. The small CNBr fragment of M SP is not detected by a -33. A  control im m unoblot (of a  gel 
like the one in Fig 17.B) showed no peptides below  the diagonal.
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Figure 18.B. Im m unoblot of a gel from a  two-dim ensional diagonal LM W -LDS- 
PA G E of 100 X L cleaved with CNBr. Cleavage and electrophoretic conditions were as those  
for Fig 17.A. The blot was probed with a  -33 and FAC2. The w hole MSP and its large CN Br fragment 
are indicated. The sm all CN Br fragment of MSP is not detected by a  -33. T h e  arrowheads point to 
a vertical line o f  peptides at «  28, 20 and 16.7 kDa, corresponding to the w hole MSP, to its large 
fragment, and to the largest CPa-1 fragment, respectively. T he * indicates 16.7 kD a fragment m ole­
cules that were crosslinkcd to fragments o fw  4 kDa, since the parent crosslinkcd fragment o f  100 XL  
had a M W ohs ss 21 kDa. Similarly, the ** point to 16.7 kDa fragment m olecules which might have 
been crosslinkcd to the sm all CNBr fragment o f  MSP (« 11.5 kD a), or to fragments #  8 or #  10 from  
CPa-1 (14.1 and 8.5 kDa, respectively), as the "**" peptide is derived from a n «  27 kDa crosslinked  
fragment o f  100 XL.
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Figure 18.C. P icture of the im m unoblot from  panel B, a fte r being reprobed  with a  -5 
(a polyclonal recognizing CPa-1). For this, the blot pictured in panel B was w etted with 
m ethanol, rinsed and incubated overnight with a -5, then incubated with the appropriate secondary 
antibodies, and color developed. Labels are the sam e as those for Fig 18.B.
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as the "**" pep tide  is derived from  an = 28 kDa crosslinked fragm ent of 100 XL (see 
Figs 14, 15 & 17.A).
A vertical line of peptides at = 28, 21 and 16.7 kD a (arrow heads, Fig 18.B) 
correspond to the whole MSP, to the MSP large fragm ent, and to  the largest CPa-1 
fragm ent, indicating that the large CNBr fragm ent o f MSP (21 kD a) is crosslinked 
to the largest CN Br fragm ent o f CPa-1 (16.7 kDa).
T he blot in Fig 18.B was reprobed with a -5 (polyclonal against CPa-1) (Fig 
18.C). T he whole MSP and its large fragm ent are again seen on a  same vertical line 
with the 16.7 kD a fragm ent of CPa-1 (arrow heads). T he 16.7 kD a CNBr fragm ent 
of CPa-1 also appears being involved in crosslinks to fragm ents o th er than the large 
MSP fragm ent (* and **, Fig 18.C). Peptides on the  diagonal are apparen t here 
and absent in Fig 18.B, dem onstrating CNBr fragm ents o f CPa-1 that are not 
crosslinked to MSP (none of these fragm ents are  recognized by a -5 under the 
diagonal). O th er low m olecular mass CPa-1 fragm ents (not bearing epitopes for a  -5 
or not properly electrob lo tted) might still be crosslinked; som e as yet unidentified 
low m olecular mass CN Br fragm ents do appear on the  silver stained gel (Fig 17.A).
Sim ilar im m unoblots were perform ed with polyclonals raised against CPa-2, 
D l, D2 and Cyt b559, and no additional peptides could be observed on or below the 
diagonal, thus confirm ing that 100 X L does not contain  detec tab le  fragm ents of 
either of these PS II proteins.
T he possible crosslinks betw een MSP and CPa-1 that occur in 100 XL are 
shown in Fig 19. MSP and part of CPa-1, the putative a-helices V and VI, and the
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Some c r o s s l i n k s  in 100 XL. d e d u c e d  f r om CNBr c l e a v a g e s  
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Figure 19. Some putative crosslinking sites am ong com ponents of 100 XL, as 
deduced from  CN Br cleavages. In this figure, the whole MSP and about half (carboxyl end) of 
CPa-1 are represented. A lso  indicated arc the putative a -h e lices  #  V and #  VI, as well as the 
sidedncss o f the CPa-1 portion shown here. No particular crosslinking assignm ent to any o f  the lysine 
residues has been made. The best supported crosslink is the one indicated by the thick line, between 
the large M SP fragment and the large CPa-1 fragment. Another likely crosslink is indicated by the 
solid  lane, happening between fragments #  11 and #  12 of CPa-1. Other possible crosslinks (dotted  
lines) might include fragment #  8 of CPa-1 (located outside this figure).
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sidedness of CPa-1 are  shown in this diagram . Any one or a com bination of the 
crosslinks in Fig 19 may have been form ed in 100 XL. T h e  crosslink betw een the 
large MSP fragm ent and the large CPa-1 fragm ent (thick line, Fig 19) is best sup­
ported  by the tw o-dim ensional diagonal im m unoblots probed  with a -33 and  with a -5 
and FAC2 (Figs 18.A - C). A nother possible crosslink occurs betw een fragm ents #  
11 and #  12 o f CPa-1 (solid line, Fig 19). O th e r possible crosslinks (b roken  lines) 
involve o ther CPa-1 fragm ents (inferred  from  C N B r cleavages; Figs 17.A &  18.B, C).
In summary, the in tim ate association betw een MSP and CPa-1 in O E R C  
com plex is due, at least in part, to an in teraction  betw een the 21 kD a fragm ent of 
MSP and the 16.7 kD a fragm ent of CPa-1. E xperim ents sim ilar to those with CNBr 
were perform ed with FA to restrict the size of the crosslinked fragm ents, since FA 
cleaves a t th ree  sites on the 16.7 kD a CPa-1 fragm ent (Figs 15 & 23), and a t one 
site near the middle o f the large CNBr fragm ent o f MSP (Figs 14 & 23).
C. Formic acid cleavages.
I. Two-dim ensional diagonal L M W -LD S-PA G E.
Prelim inary experim ents with FA  and MSP, CPa-1 and  100 XL dem onstrated  
that optim al conditions v/ere achieved afte r ~ 6 h at 40 °C with 70 %  FA in the 
presence of 10 % EG , followed by lyophilization and electrophoretic  analysis in 
LM W -LD S-PA G E (da ta  not shown).
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i) R ecognition o f  crosslinks in silver stained gels.
MSP and its small FA  fragm ent occur on a sam e vertical line, along with 
o ther peptides (arrow heads, Fig 20.A). Several o th er peptides corresponding to the 
small F A  fragm ent of MSP also appear (arrows); thus, the sm all FA  fragm ent of 
MSP is involved in at least one crosslink to  CPa-1. Two o ther "horizontal strings" 
o f peptides below the diagonal a re  visible at 24.5 and 20 kDa, seemingly correspond­
ing to the largest FA fragm ent of CPa-1 (see Figs 15 & 23) and  to  the large FA 
fragm ent of MSP (see Figs 14 & 23), respectively. However, on im m unoblots o f 2-D 
gels, a -33 failed to recognize the large FA fragm ent of MSP under the diagonal, 
while it did detec t the small FA  fragm ent (see Fig 21).
ii) Specific recognition o f crosslinks with im m unoblots.
A n im m unoblot of a 2-D diagonal LM W -LD S-PA G E of FA -cleaved 100 XL, 
probed with a -33 (Fig 21), shows that only the w hole MSP (at = 29 kD a) and its 
small FA  fragm ent (M W obs = 8 kDa) appear below the diagonal, even though the 
large and  small FA  fragm ents o f MSP are recognized with about equal intensity 
(lane 2). The large FA fragm ent of MSP rem ains relegated  to the diagonal. The 
whole MSP under the diagonal is due to the incom plete cleavage o f M SP by FA 
(see lane 2). T he small FA fragm ent o f M SP is derived from  several fragm ents of 
FA-cleaved 100 XL, as dem onstrated  by the strings o f peptides obtained from  = 70 - 
40 kD a (solid arrow head; see page 101), from = 2 2 -  20 kD a (open arrow heads; see
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Figure 20.A & B. Silver stained gels of a tw o-dim ensional L M W -LD S-PA G E of FA- 
cleaved 100 XL. Tw o LQO XL sam ples were cleaved with 70 %  FA + 10 9b EG for 6 h at 40 °C, 
and elcclrophorescd in a two-dim ensional diagonal gel system (sec legend to Fig 17). Both FA-cleaved  
100 XL sam ples were clectrophorcsed under non-reducing conditions for the first dim ension. O ne of 
the sam ples was then incubated with (1 -M E and clectrophorcsed with T G A  (panel A), while the other 
(control sam ple) was incubated and clectrophorcsed without these reducing agents (panel B). The 
largest FA fragment o f  CPa-1, the w hole MSP and its small FA  fragment are labeled. The arrowheads 
indicate a vertical line containing the whole MSP (because it is not cleaved to com pletion by FA), the
24.6 kDa CPa-1 fragment, and the small MSP fragment, along with other peptides. The small FA  
fragment o f  MSP also appears at other places (arrows).
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F igure 20. Panel B.
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Figure 21. Im m unoblots p robed  with a -33 o f a tw o-dim ensional diagonal LMW - 
LD S-PA G E  of FA-cleaved 100 XL (panel A), and o f a  one-dim ensional LM W -LDS- 
PA G E (panel B) of PS II m em branes (lane 1), and o f FA-cleaved M SP (lane 2). For
panel A, a gel like the one in Fig 20.A was blotted (90 V • h) onto Im m obilon , and the blot was 
probed with a  -33. The whole MSP and its large and sm all FA fragments arc labeled. The sm all MSP 
segm ent is derived from 100 XL parent fragments with M W obs «  70 - 40 kDa (so lid  arrowhead), «  
22 - 20 kD a (open arrowheads), and w 11 kDa (arrow).
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page 102), and from  = 1 1  kD a (arrow). T h e  results in Fig 21 clearly indicate that 
only the sm all FA fragm ent o f M SP was crosslinked to CPa-1.
A  crosslink betw een the sm all FA fragm ent o f  MSP (9.6 kD a) and fragm ent 
#  7 of C Pa-1 (2.2 kD a) is also likely to occur (solid line, Fig 24), since an  = 11 kD a 
100 XL fragm ent gave rise to  the small FA  fragm ent of MSP (arrow, Fig 21.A) and 
an  = 3 kD a fragm ent of CPa-1 (not recognized by a -5 ; Fig 22); of the CPa-1 frag­
m ents in this size category (see Figs 15 &  23), only fragm ent #  7 (2.2 kDa) contains 
a  lysyl, which is putatively exposed toward the lum enal side of the m em brane [42].
T he small M SP fragm ent also appears on  the  diagonal (Fig 21), probably 
because th ere  was reduction of some DTSP crosslinks due to  trace reductants 
p resen t during the first dim ension electrophoresis. T h e  large MSP fragm ent is not 
crosslinked to CPa-1, since this b lo t fails to  dem onstrate  the re lease o f the large 
MSP fragm ent below  the diagonal. A n im m unoblot probed with a  polyclonal 
specific for the large FA fragm ent o f MSP also failed to reveal this fragm ent below 
the diagonal (data no t shown).
V arious crosslinks betw een CPa-1 and MSP are also depicted by im m unoblots 
probed with a -5  (F ig  22). Several fragm ents with m olecular m asses o f = 25 kD a 
(arrow ) and  above ap p ear under the diagonal. The lowest o f these corresponds to 
the 24.6 k D a fragm ent o f CPa-1 ( #  8 in Figures 15 & 23), since this was the sm all­
est fragm ent detected  by FAC2 in a sim ilar blot (no t shown) [107]. The higher 
m olecular mass fragm ents could be the result o f incom plete cleavage of 100 XL 
m olecules by FA. T he 24.6 kD a fragm ent appears as a  string o f peptides derived
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Figure 22. Im m unoblot of a  two-dim ensional diagonal LM W -LD S-PA G E of FA- 
cleaved 100 XL. A  gel like the one in Fig 20.A was blotted (90 V  • h) onto Immobilon*, and the 
blot was probed with a  -5. The 24.6 kDa CPa-1 fragment ( #  8 in F igs 15 & 23) and peptides contain­
ing fragment #  9 o f  CPa-1 (F igs 15 & 23) arc labeled. The arrow indicates a horizontal string o f  the
24.6 kDa fragment of CPa-1. Solid  arrowheads indicate peptides betw een 8.5 and 7 kDa being derived 
from 100 XL fragm ents betw een »  70 and 40 kDa. Open arrowheads indicate peptides between 8.5 
and 7 kDa being derived from 100 XL fragments between «  22 - 20 kDa.
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from  = 70 - 40 kD a (arrow), suggesting that it was released from  a series o f several 
incom pletely cleaved fragm ents of 100 XL. The 24.6 kDa fragm ent contains five 
lysines exposed to the lum en (Fig 15), and it could be crosslinked directly to the 
small M SP fragm ent (Fig 21), o r indirectly through in tram olecular crosslinks to the 
o ther th ree  CPa-1 fragm ents (solid arrow heads) seen below the 24.6 kD a "string" of 
peptides (Fig 22).
T he 3 peptides betw een 8.5 and  7 kD a (solid arrow heads), and derived from 
100 XL-fragm ents betw een = 70 and 40 kDa, correspond to CPa-1 fragm ents that 
may have been crosslinked to the 24.6 kD a fragm ent of CPa-1 (see above), to the 
small F A  fragm ent of MSP (F ig 21) directly, or through in tram olecular crosslinks to 
the 24.6 kD a fragm ent, which in tu rn  would be crosslinked to the small M SP frag­
m ent (F ig  21). T here  are no crosslinks betw een the three fragm ents m arked  by 
solid arrow heads, since they do not fall on a sam e vertical line. R a th er they are 
released sequentially by the FA  cleavage of 100 XL. This w ould suggest th a t these 
three fragm ents might be related  to  each other. T here a re  only two expected 
fragm ents around this range o f m olecular sizes: fragm ent #  6 at 9.2 kD a, and 
fragm ent #  9 a t 8.0 kDa (F ig 15). O f these, fragm ent #  6 consists of the putative 
a -h e lices  II and III and th ree  loops. Only the loop betw een those two a-helices 
contains lysines, bu t this loop is thought to be on  the strom al side o f the m em brane 
[42]. So it seem s unlikely that this fragm ent partic ipates in any direct crosslink to 
MSP. A nd the possibility o f an  indirect crosslink to MSP, through an  intram olecular 
crosslink to the 24.6 kDa fragm ent (which contains a lysyl in the strom ally exposed
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IV  - V loop), is virtually ruled out by the ap pearance of these sam e th ree  peptides 
(solid arrow heads) being released from 100 X L-fragm ents at = 22 - 20 kD a (open 
arrow heads). O ther in tram olecular crosslinks in which fragm ent #  6 could perhaps 
partic ipate would not allow indirect crosslinks to  M SP either. T herefore, it is highly 
unlikely th a t the CPa-1 fragm ent #  6 participates, directly or indirectly, in crosslinks 
to  MSP. O n  the o ther hand, CPa-1 fragm ent #  9 is a m ore reasonable candidate 
(see below).
T he 3 peptides betw een 8.5 and 7 kD a and obtained  from  100 XL-fragm ents 
a t = 22 - 20 kD a (open arrow heads, Fig 22) ap p ear to have been crosslinked to the 
small FA fragm ent o f MSP, which shows corresponding peptides m arked with open  
arrow heads in Fig 21. T he upperm ost fragm ent detected  with a -5  was identified by 
sequencing (see Fig 23) as containing a  8 kD a fragm ent of CPa-1 (fragm ent #  9, 
Figs 15 & 23). Thus, it is tem pting to speculate that these th ree  peptides co rre­
spond to the  incom plete cleavage of fragm ent #  9 plus fragm ents #  10 and #  11 
(10.8 kD a total, upperm ost peptide), to fragm ent #  9 plus fragm ent #  10 (9.9 kD a 
total, m iddle peptide), and to just fragm ent #  9 (8.0 kDa, low erm ost peptide). 
Sequencing of the lower two peptides should verify this hypothesis. C onsistent with 
this hypothesis, neither o f these th ree fragm ents appears crosslinked to each other, 
since they do not lie on a  vertical line below  the diagonal. In addition, the fact that 
these th ree fragm ents appear on the diagonal m eans that subpopulations of 100 XL 
m olecules a re  crosslinked through segm ents o th er than  these th ree , betw een the  24.6 
kD a CPa-1 fragm ent and  the small MSP fragm ent, for exam ple. These results are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
103
S E Q U E N C E  O F  FA F R A G M E N T S  O F  S P I N A C H  C P a - 1  AA # '  s  F r a o  #  1
MGLPWYRVHT VVLND 1 -  15 1
PGRLI SVHIMHTALV AGWAGSMALY ELAVFD 16 -  4 6 2
PSD 47 -  49 3
PVLD 50 -  53 4
PMWRQGM FVIPFMTRLG ITNSWGGWSI TGGTITD
P S I  WSYEGVAGAH IMFSGLCFLA AIWHWVYWDL EIFSDERTGK
54 -  8 7 5
PSLDLPKIFG IHLFLSGVAC FGFGAFHVTG LYGPGIWVSD 87 -  1 70 6
PYGLTGKVQP VCSAWGVEGF D
PFVPRGIAS HHIAAGTLGI LAGLFHLSVR SPQRLYKGLR
MGNIETVLSS SIAAVFFAAF VVAGTMWYGS A TTP IE LFG P  
tRYQWDQGYF QQEIYRRVSA GLAENQSFSE AWSKIPEKLA 
FYDYIGNNPA KGGLFRAGSM DNGDGIAVGW LGHPIFRDKE  
GRELFVRRMP TFFETFPVVL IDGDGIVRAD VPFRRAESKY
171 -  191 7
SVEQVGVTVE FYGGELNQVS YSD 
PATVKKY ARRAQLGEIF ELDRASLKSD GVFRSSPrGW
192 -  4 1 3 8
FSFGHASFAL LFFFGHIWHG SRSLFRDVFA G ID 4 1 4 -  4 8 3 9
PDLDVQV EFGAFQKIGD 4 8 4 -  5 0 0 10
PSSRRQGV 501 -  5 0 8 11
S E O U E N C E  O F  FA F R A G M E N T S  O F  S P I N A C H  M S P AA # ' S F r a a  #
EGGKRLTYDE IQSKTYLEVK GTGTANQCPT VEGGVDSFAF 
KPGKYTAKKF CLEPTKFAVK AEGISKNSGP DFQNTKLMTR 
LTYTLD EIEG  PFEVSSDGTV KFEEKDGIDY AAVTVQLPGG 
ER V P F LF T IK  QLVASGKPES FSGDFLVPSY RGSSFLD 1 -  157 1
PKG RGGSTGYDNA VALPAGGRGD EEELQKENNK NVASSKGTIT  
LSVTSSKPET GEVIGVFQSL QPSDTDLGAK VPKDVKIEGV  
WYAQLEQQ 1 5 8  -  2 4 8 2
The f i r s t  10 aminoacid  c y c l e s .
CYCLE §  (AMINOACID  P O S IT IO N )
FRAGMENT SEQUENCE 1 2 3 4 5 6  7 8 9 10
S m a l l  F A - f r g  o f  MSP P K G R — G S T —  Y
F rg  # 9 o f  C P a -1 P A T V K - - -  Y A R R
Figure 2 3 . Sequencing of crosslinked fragm ents from  M S P  and CPa-1. This figure is
based on  the am ino acid sequences for spinach MSP [252] and spinach CPa-1 [233]. From these 
sequences, the likely cleavage sites for FA (aspartyl-prolyl bonds) [264] w ere determined, and the corre­
sponding FA fragment sequences o f  spinach CPa-1 and M SP are shown with their corresponding end 
am ino acid positions (A A  # ’s) and fragment numbers (Frag # ;  assigned as in Fig 15 for CPa-1 , and
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Figure 2 3 . (Continuation).
Fig 14 for M SP 2 ). The CPa-1 large extrinsic loop is bounded by the t (at position 271) and the r (at 
position 448). Two crosslinkcd peptides excised from Immobilon blots were sequenced. This 
sequencing was performed in an Applied Biosystcm s 477A Protein Sequencer at Baylor College of 
M edicine, H ouston, Texas. The chromatograms clearly showed the presence of 2  major peptides. The  
obtained 10 first cycles o f  am ino acids released during this sequencing arc shown at the bottom  of this 
figure. T he chromatogram for amino acid #  1 showed a peak for prolinc with alm ost twice the 
m olarity o f  the other am ino acids. The sequences o f  the two FA fragments that m ost closely resem bled  
the experim ental sequences were the FA fragment #  9  o f  CPa-1 and the small FA fragment o f  MSP. 
N o other sequences from PS II proteins w ere found to match the empirical fragment sequences.
reinforced by im m unoblots of 100 X L cleaved with FA  and electrophoresed  under 
various conditions (da ta  not shown), all of which show the sam e p a tte rn  o f frag­
m ents below  the diagonal, with vertical lines joining the three CPa-1 8.5 - 7 kD a 
fragm ents and the small FA fragm ent of MSP, as well as the 24.6 kD a CPa-1 
fragm ent and the small FA fragm ent o f MSP.
T herefo re, it can be concluded that both CPa-1 fragm ents #  9 (8.0 kD a) and #  
8 (24.6 kD a), individually a n d /o r in com bination, are crosslinked to the small FA 
fragm ent o f MSP.
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i) Isolation of the crosslinked fragm ents.
Since th ere  was crosslinking betw een the sm all FA  fragm ent of M SP and the 3 
fragm ents betw een 8.5 and  7 kD a (Figs 21 & 22), an a ttem p t was m ade to isolate 
and identify these fragm ents by sequencing them . T hese fragm ents w ere electropho- 
resed, under reducing conditions, in a one-dim ensional lane to m inim ize loss of 
m ateria l, the gel was blotted  and th e  th ree peptides w ere localized. T he th ree  
peptide bands w ere recognized by a -5 . Sim ultaneously, the upperm ost peptide band 
was also recognized by a  -33, indicating that it contained  two com igrating peptides, 
the sm all MSP fragm ent and the 8 kD a CPa-1 fragm ent. T he low er two peptides 
w ere not sequenced initially as they had also appeared  (though faintly) in non­
reduced lanes o f FA-cleaved 100 XL, casting som e doubts about their participation 
in crosslinks. A nd since the upperm ost peptide band ap p eared  being released only 
under reducing conditions, it was excised from  acid-free CB stained blots, and the 
Im m obilon" pieces w ere sen t to Baylor College of M edicine (H ouston, Texas) for 
sequencing.
ii) Sequencing results.
Sequencing of crosslinked fragm ents from  MSP and  CPa-1 clearly showed the 
presence o f two m ajor peptides (Fig 23). T he first am ino acid in the em pirical 
sequence was proline, with alm ost twice the m olarity of the o ther am ino acids. The
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excised band contained the FA fragm ent #  9 o f CPa-1 and the small FA  fragm ent 
of MSP. No o ther sequences from  PS II proteins w ere found to m atch the a tta ined  
sequences for the excised band.
iii) Possible crosslinks betw een MSP and CPa-1.
T here  are a num ber of possible crosslinks am ong com ponents of 100 X L that 
can be deduced from its FA and CNBr cleavages (Fig 24). Any o f the possible 
crosslinks, o r a com bination of these crosslinks, may have been form ed in 100 XL. 
As a result, 100 XL could actually consist of a population of m olecules with cross­
links a t d ifferen t places. The crosslink that is best supported  by our da ta  is betw een 
the small F A  fragm ent o f MSP and  the 8.0 kD a FA fragm ent o f CPa-1 (fragm ent #  
9) (thick solid line, Fig 24). This conclusion is based on the 2-D diagonal im m uno­
blots o f FA -cleaved 100 XL, probed with a -33 (Fig 21) and with a -5  (Fig 22). T hese 
blots show both fragm ents lying on a  vertical line below  the diagonal, practically 
com igrating to the sam e zone (Figs 21 & 22). Im m unoblots probed with FAC2 did 
not show the  8 kDa CPa-1 fragm ent, consistent with the  FAC2 epitope location 
outside of fragm ent #  9 [107]. This crosslinkage is in ag reem en t with the inferences 
drawn from  CN Br cleavages (Fig 19), where the large CN Br fragm ent (carboxyl 
term inus) o f MSP appeared  crosslinked to the 16.7 kD a C N B r fragm ent of CPa-1 
(Figs 17 & 18); the 16.7 kD a CN Br fragm ent includes the 8.0 kD a FA  fragm ent (Fig 
15). F u rth e r support for this crosslinkage com es from  the sequencing of bands 
corresponding to these FA  peptides (Fig 23). The FA  fragm ent #  9 of CPa-1
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Some FA c l e a v a g e  F r a g m e n t s  oF 100 XL
I I I  IV v
I I Lumen I------- ------ 1 S t r o m a  I I Lumen
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I-------------1 S t r oma
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8 0  k D a  kDa kDa
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Figure 24. Possible crosslinks betw een MSP and CPa-1 in 100 XL. No particular 
assignm ent to the lysyls in the crosslinked fragments was made; 100 XL could actually consist o f  a 
population of m olecules with crosslinks at different places. These crosslinks were deduced mainly from 
2-D  diagonal im m unoblots o f  CNBr and FA-cleaved 100 XL. T he best supported crosslinks (see  text) 
arc crosslinks o f the small F A  fragment o f  MSP to the 8.0 kDa FA fragment o f CPa-1 ( #  9) (thick  
so lid  line), and to the 24.6 kD a fragment o f  CPa-1 ( #  8) (th ick  broken line). A n immunoblot with 
FA C 2 did not show fragment #  9 below  the diagonal, but it did recognize fragment #  8, which contains 
the epitope for FAC2 [107]. A lso a large amount of fragment #  8 appeared on a vertical line with the 
sm all MSP fragment (F igs 21 & 22). On the other hand, sequencing o f  two crosslinkcd peptides 
revealed the small M SP fragment and CPa-1 fragment #  9 (Fig 23).
A  crosslink betw een the small FA fragment o f  MSP and fragment #  7 o f  CPa-1 (solid  line) 
is also possible, since an a  11 kDa FA fragment of 100 X L  released the small MSP fragment below  
the diagonal (arrow, F ig 21.A), along with an »  2 kDa undetected fragment. Fragm ent #  1 has a MW  
= 2.2 kDa and it is the only small fragment containing lysyls probably exposed to the lumen.
Crosslinks involving CPa-1 fragments located outside the scope o f  this figure could also occur 
in 100 XL. In addition, the putative a  -helices #  V  and VI are indicated, as well as the probable 
sidedness [42, 320] o f the CPa-1 portion shown here. This sidcdncss helps to preclude the formation  
o f  crosslinks between MSP and the lysines presumably located on  the stromal side, e.g., lysine #  447 
occurring in fragment #  10 o f  CPa-1 is not expected to  be crosslinkcd.
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encom passes abou t one q u arte r (carboxyl end) of the large extrinsic loop of CPa-1, 
plus the putative transm em brane a-helix  #  VI. O n  its extrinsic loop region, frag­
m ent #  9 contains three lysine residues, a t positions 417, 418 and 438 (Fig 23). Any 
of these lysyls could be crosslinked to the small F A  fragm ent of MSP (thick solid 
line). This 9.6 kD a MSP segm ent contains 8 lysine residues (F ig 23), o f which any 
one could be crosslinked (a lone or in com bination) to fragm ent #  9 of CPa-1. 
Interestingly, lysines #  230, 233 and 236 seem  to b e  located to the sam e side of a 
putative a-helix  of MSP, according to a prelim inary analysis of secondary structure 
carried out on spinach MSP with a set o f protein sequence analysis program s [63]. 
T he unique localization of these three lysines might play a role in one of the various 
binding sites of MSP.
Crosslinking o f the small FA fragm ent of MSP to the large FA  fragm ent of 
CPa-1 ( #  8; 24.6 kDa) is very likely to occur as well (thick broken  line, Fig 24), 
since im m unoblots with a -33 do show the small FA -fragm ent u nder the diagonal and 
derived from ra th e r high m olecular mass crosslinked fragm ents o f 100 XL (Fig 21); 
sim ultaneously, fragm ent #  8 o f  CPa-1 resides on a vertical line above the small 
MSP fragm ent (F ig 22). In addition, the am ount o f 24.6 kD a peptides recognized 
by a -5 under the diagonal is seemingly higher than  the am ount of 8.5 - 7 kDa 
peptides (containing fragm ent #  9), suggesting that m ore o f the sm all FA  fragm ent 
of MSP is bound to  the 24.6 kD a fragm ent than  to the 8.0 kD a fragm ent of CPa-1. 
However, the relative staining intensities of both CPa-1 fragm ents is not necessarily 
quantitative. T he num ber and affinity o f epitopes for a  -5 has no t been determ ined.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
109
A  crosslink betw een the small F A  fragm ent o f MSP and fragm ent #  7 of CPa-1 
is also likely to occur (solid line; Fig 24), since the small M SP fragm ent also derives 
from  a crosslinked fragm ent a t about 11 kD a (arrow , F ig21.A ). Crosslinks involving 
CPa-1 fragm ents located outside the scope of Fig 24 may also occur in 100 XL. On 
the o th er hand, the poten tial sidedness o f the CPa-1 loops helps to ru le out cross­
links betw een MSP and the lysyls on the strom al side of CPa-1 (e.g., lysine #  447 
occurring in FA fragm ent #  10 o f CPa-1 is no t expected to  be crosslinked to MSP).
D. Possible sites of interaction between MSP and CPa-1.
T he am ino end o f MSP is drawn in close contact with a portion  o f  th e  extrinsic 
loop o f CPa-1 (Fig 25), based on the  conclusion that the am ino  term inus CNBr 
fragm ent of MSP is crosslinked to the 16.7 kD a CN Br fragm ent o f CPa-1 [248, 250]. 
Interacting with the carboxyl half of the  CPa-1 large extrinsic loop, there is a portion 
o f the carboxyl end  o f MSP (Fig 25), as it is inferred  from the data  garnered  in this 
work, pointing to the notion that the  carboxyl term inus FA  fragm ent o f  MSP is 
crosslinked to the  FA fragm ents #  9 and  #  8 o f  CPa-1. Even though m o re  data  are 
required  to unequivocally confirm  them , o th er crosslinks ap p ear to occur as well 
(e.g., the crosslinks of the sm all FA  fragm ent o f  MSP to FA  fragm ents #  7 of CPa-1, 
not depicted in this illustration). Thus, it seem s that the m ain binding betw een  CPa- 
1 and MSP is a t least through the large extrinsic loop of CPa-1 and both end 
segm ents of MSP. By analogy, and since CPa-2 was found to becom e crosslinked to
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Figure 25. Sketch depicting interactions betw een M SP (thick line) and CPa-1. The  
6 putative a -h e lices  o f CPa-1 traversing the m em brane environm ent [42, 320] arc shown. This figure 
illustrates that the binding betw een CPa-1 and MSP is at least betw een the lum cnally exposed large 
extrinsic loop o f  CPa-1 and both end segm ents o f  M SP. The am ino end o f  MSP is drawn in close  
contact with a portion of the CPa-1 large extrinsic loop, according to previous results [248, 250]. 
Interacting with the carboxyl end o f  the CPa-1 large extrinsic loop (part o f  fragment #  9; also thick 
line), there is a portion of the carboxyl end o f  M SP corresponding to the sm all FA fragment. A lso  a 
part o f the sm all M SP fragment interacts with the large FA  fragment o f  CPa-1 (fragm ent #  8).
An interaction between the small FA fragment o f  MSP and fragment #  7 o f  CPa-1 (Fig 23) 
is not shown, as it requires further proof.
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MSP (Fig 13.A), it is tem pting to speculate that MSP is also bound to C Pa-2 through 
its putative large extrinsic loop [42].
T herefore, this work confirms reports pointing to MSP as being closely associat­
ed with CPa-1 [44, 46, 90, 91, 93, 128, 353] and with CPa-2 [168]. In addition, this 
work extends this general notion by showing that, besides the binding o f the am ino 
end CNBr fragm ent of M SP to the CPa-1 large extrinsic loop [248, 250], the 
carboxyl end FA fragm ent o f MSP attaches to a sm all segm ent on the carboxyl end 
o f the large CPa-1 extrinsic loop. F urtherm ore, since D TSP crosslinked these 
proteins through their lysyl residues, the bound segm ents of MSP and CPa-1 can be 
confined to abou t 78 am ino acids on MSP (from  K 159 to K236), and to around 21 
am ino acids on CPa-1 (from  K418 to K438) (see Fig 23 and below).
Crosslinked segment of MSP:
159 KG R G G S T G Y D N A  V A L P A G G R G D  E E E L Q K E N N K  N V A S S K G T I T  
L S V T S S K P E T  G E V I G V F Q S L  Q P S D T D L G A K  V P K D V K 236
Crosslinkcd segment of CPa-1:
418 KKY A R R A Q L G E I F  E L D R A S L K  438
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CONCLUDING REMARKS
This work focused on the production and characterization  of crosslinked 
products arising from  PS II preparations, with the aim  of b e tte r understanding the 
structural relationships am ong protein  com ponents o f  PS II. Crosslinking of O E R C  
complex with DTSP rendered preparative am ounts o f crosslinked products. O E R C  
core, being sim pler than O E R C  complex, was eventually d isregarded because it was 
a much m ore labile preparation, it took longer to produce and it generated  much 
lower yields (<  20 %  of O E R C  complex). DTSP was utilized because it proved 
easy to find crosslinked products in usable am ounts.
T he crosslinking experim ents dem onstrated  that practically all m ajor PS II 
proteins (CPa-1, CPa-2, D l, D2, MSP, LHC's and Cyt b5S9) form ed various cross- 
linked products in D T SP-treated  O E R C  complex, and that a close association 
betw een MSP and CPa-1 exists in O E R C  complex. Similarly, a close association was 
found betw een M SP and CPa-2, between CPa-1 and  a sm all intrinsic protein, and 
betw een o ther PS II com ponents.
T he experim ents also provided a fram ework for the preparative isolation o f two 
crosslinked products, 100 XL and 150 XL, shown to contain MSP and CPa-1. 
C haracterization o f 100 XL was achieved by cleaving this product with CNBr o r FA, 
and by analyzing the fragm ents produced by using im m unoblots of two-dim ensional
112
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diagonal LM W -LD S-PA G E. The 100 X L cleavage re leased  highly hydrophobic 
fragments, which com bined into insoluble aggregates. This p rob lem  was elim inated 
by using 10 %  E G  during the cleavage and electrophoretic procedures.
Tw o-dim ensional d iagonal LM W -LD S-PA G E of FA -cleaved 100 X L p repara­
tions dem onstrated  that several crosslinks occurred am ong fragm ents of MSP and 
CPa-1. T he clearest exam ples were crosslinks of the sm all FA  fragm ent of MSP 
(carboxyl end, 9.6 kD a) to fragm ents #  8 (24.6 kDa) and #  9 (8.0 kDa) of CPa-1. 
In agreem ent with this, diagonal electrophoresis of CN Br-cleaved 100 X L prepara­
tions established that a crosslink existed between the carboxyl end CNBr fragm ent 
of MSP (= 21 kD a) and the 16.7 kD a C N B r fragm ent o f CPa-1, which encom passes 
part of fragm ent #  8 and all o f fragm ent #  9.
Sequencing o f  a peptide band containing two crosslinked FA  fragm ents verified 
that they corresponded to the 9.6 kD a carboxyl end FA fragm ent of MSP, and to the 
8.0 kDa FA fragm ent ( #  9) o f CPa-1. W ithin these fragm ents, the lysine-containing 
segments extend from  K 159 to K230 for MSP, and from K418 to K438 for CPa-1.
Inform ation collected to date indicates that the amino end  of MSP appears to 
be in close contact with a portion  of th e  CPa-1 large extrinsic loop [248, 250], and 
that the carboxyl half of the CPa-1 large extrinsic loop is closely associated with the 
carboxyl end of M SP (Fig 25).
Procedures established here should also allow characterizations betw een 
fragm ents of M SP and CPa-1 and am ong o th er O E R C  com plex com ponents. In 
addition, in tram olecular crosslinks occurred at least with CPa-1, D l, MSP and LHC
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polypeptides. By isolating these intram olecularly crosslinked products, subjecting 
them  to various cleavages followed by 2-D diagonal LM W -LD S-PA G E and fragm ent 
sequencing, it should be feasible to establish which fragm ents w ere crosslinked and, 
therefore , to determ ine the folding patterns of these proteins, including the trans­
m em brane orien ta tion  of the integral proteins.
Finally, it is concluded that this work has laid a foundation  for further study of 
the physical interactions betw een the O E R C  complex com ponents. This should lead 
to a better understanding of not only the structural (and functional) organization of 
the photosystem  II proteins, but also o ther protein assem blages in general, and 
m em brane com plexes in particular.
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APPENDIX
OBSTACLES FOUND DURING CLEAVAGE 
OF MEMBRANE PROTEINS
1. Background.
T he use of cleavage agents allows the production of discrete protein fragm ents 
which can be separated  by P A G E  designed to resolve low m olecular mass polypep­
tides. For example, CNBr has been em ployed in a variety of studies on  peptidic 
fragm ents [48, 107, 126, 131, 132, 208, 234, 246, 265, 322, 327]. Similarly, FA alone 
has been successfully utilized to cleave polypeptides [196, 208, 264]. M any o ther 
chemicals, as well as proteolytic enzymes, have also been  utilized as cleavage agents 
(see page 23).
T he utilization o f chemical cleavage agents for studying PS II is particularly 
useful, since it is possible to crosslink the protein  com ponents of a  PS II p reparation  
(such as the O E R C  complex), isolate a particular crosslinked product, cleave it, 
resolve the fragm ents by two-dim ensional diagonal PA G E  (page 41), and detect 
them  (e.g., by im m unoprobing; pages 44 & 46). T he non-crosslinked fragm ents
149
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should appear on the diagonal, w hereas the fragm ents that are crosslinked together 
should appear under the diagonal lying on the sam e vertical line. Crosslinked 
fragm ents could be unequivocally identified through sequencing, especially that 
presently the sequences o f practically all the PS II p roteins are known.
U nfortunately, cleavage o f PS II proteins (and, by extension, o th er m em brane 
proteins) poses som e obstacles: C leaving polypeptides inside the gel strips into 
which they w ere electrophoresed  may result in sm earing /streak ing , band multiplicity, 
and low fragm ent load when perform ing the next electrophoresis to separate  the 
cleaved fragments. If the cleavage is done in an  aqueous m edium , possibly the 
worst problem , especially with integral proteins, is the release of highly hydrophobic 
fragm ents, which generally tend  to form  large insoluble aggregates, preventing 
(electrophoretic) separation and detection  of the individual fragm ents.
W hat follows describes these problem s, which w ere encoun tered  w hen trying to 
electrophoretically  separate  the C N Br and FA fragm ents of MSP, CPa-1 and the 100 
kD a crosslinked product (100 XL). In addition, the search for an  adequate  solution 
is presen ted .
2. Dealing with artificial band multiplicity, streaking and low loads.
Seeing that relatively high concentration  and purity could be achieved for PS II 
p roteins separated  electrophoretically, a  CNBr cleavage procedure  already described
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[246] was m odified to cleave the polypeptides inside gel pieces. These gel pieces 
w ere obtained by electrophoresing 100 XL, CPa-1, CPa-2 and MSP, staining the gel 
with acid-free CB (page 42), and excising the polypeptide bands. T hese gel bands 
w ere then  trea ted  w ith CNBr, loaded whole or diced into the wells of a  LM W  gel, 
and electrophoresed  to separate  the released fragm ents. The gel was then  silver 
stained (Fig 26). D espite the ease of this p rocedure, th ree problem s appeared : Low 
concentration  o f fragm ents, particularly  for 100 X L (lane 3, which shows practically 
no fragm ents), streak ing /sm earing  (lanes 3 - 8), and form ation o f m ultiple bands. 
Exam ples o f m ultiple bands include the "multiplex" o f the whole MSP (a t = 29 kDa) 
[both the  MSP large CN B r-fragm ent (a t = 20 kD a), and  its small CN B r-fragm ent (a t 
= 9 kD a) w ere som ew hat negatively stained  against the light-brownish background 
of this silver staining, so they w ere not reprin ted  here], "groups" of bands at = 16.7, 
10 and 6 kD a (C N B r-treated  CPa-1; lane 5), and  tight "doublets" at around 18, 12, 
10, 7.5 and 7 kD a (C N B r-treated  CPa-2; lane 7). It was la te r verified that the 
com ponents of these multiple bands did correspond with the num ber, shape and 
position of the gel pieces (containing CN Br-cleaved polypeptides) that w ere placed 
in the wells for electrophoresis. These stacks o f gel pieces w ere in tended for 
increasing the concentration of the fragm ents to  be electrophoresed. T he artificial 
multiplicity in the  banding p a tte rn  of fragm ents would of course pose problem s for 
assigning bands to the appropriate  expected cleavage fragm ents.
To obtain m ore specific data , antibodies against MSP, CPa-2 and CPA-1 were 
used in im m unoblots of gel panels sim ilar to those in lanes 1 - 8 of Fig 26. T hese




5  6  7  8  (k Da)
» I
Figure 26. Silver stained LM W -LD S-PA G E gel of CN Br fragm ents produced when 
the polypeptides are  cleaved inside polyacrylamide gel strips. The proteins were ciectro- 
phorcscd in a 12.5 - 20 % gradient gel. The gel strips containing these polypeptides were excised, 
treated with CNBr for 24 h, washed and electrophoresed in an LM W -LDS gel. Lanes 1, 3, 5 & 7 
contain CNBr-cleaved MSP, 100 XL, CPa-1 and CPa-2, respectively. Lanes 2 , 4, 6 and 8 contain these  
sam e polypeptides, but treated without CNBr.
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im m unoblotted  panels are pictured in Fig 27. T hese polypeptides w ere trea ted  in 
gel strips with CN Br or w ithout it, electrophoresed, b lo tted  and probed with a  -5 
(polyclonal against CPa-1), FAC2 (m onoclonal against CPa-1); FAAC4 (m onoclonal 
against MSP), a  -33 (polyclonal against MSP), and  a  -6 (polyclonal against CPa-2). 
Again this blot illustrates the problem s of low loads, streaking and m ultiple bands 
observed in Fig 26. Lane 3 (a -5 probe, Fig 27) also  illustrates these sam e phenom e­
na for 100 X L fragm ents m ore clearly than the corresponding silver stained sam ple 
(lane 3 of Fig 26). Additionally, lane 14 shows the band m ultiplicity for the large 
CN Br fragm ent o f MSP (which was not visible in lane 1 o f Fig 26). T h e  small CNBr 
fragm ent of MSP (lane 14) is not recognized by a -33. FAAC4 does not seem  to 
recognize e ith e r CNBr fragm ent of MSP (lane 7); perhaps the epitope for this 
m onoclonal antibody resides around the CNBr cleavage site.
D espite the m entioned problems, this blot dem onstrates the participation of 
MSP and CPa-1 in 100 XL, since it is recognized by a -5 (lanes 3 & 4), and  by 
FAAC4 and a -33 (lanes 9 - 12). Furtherm ore, several fragm ents released from  the 
C N B r cleavage of 100 X L are  noticeable with a -5 (lane 3), thus supporting fully the 
partic ipation of CPa-1 in 100 XL. Similarly, fragm ents released from  100 X L  are 
recognized by a -33 (lane 9) and by FAAC4 (lane 12), also certifying that MSP takes 
part in 100 XL. On the o th er hand, CPa-2 does not ap p ear to be involved in 100 
XL, since a  -6 does not seem  to recognize the w hole 100 X L (lane 15), let alone any 
of its fragm ents (lane 16).



























Figure 27. Immunoblots of panels containing samples similar to those depicted in Fig 26 above. MSP, CPa-2, CPa- 1  and 
100 XL were treated in gel strips either with CNBr (lanes 1, 3 , 5 , 7 , 9 , 12, 14, 16 and 18), or without it (lanes 2 , 4 , 6 , 8 , 10, 11, 13, 15 and 17), 
electrophoresed, blotted and probed with a-5  (lanes 1 - 4), FAC2 (lanes 5 &  6), FAAC4 (lanes 7 - 10), a-33 (lanes 11 - 14), or or-6 (lanes 15 -18).
Lanes 1, 2 , 5 & 6 contained CPa-1, lanes 3 , 4 , 9  - 12, 15 & 16 had 100 XL, lanes 7 , 8 , 13 & 14 had MSP, and lanes 17 & 18 had CPa-2.
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W ith respect to the obstacles encountered  in the usage o f the  CN Br-cleavage 
procedure, it seem ed that at least th ree approaches to avoid these problem s (band 
multiplicity, streaking and low loads) could b e  followed. O ne p rocedure  would be 
to modify the electrophoretic  conditions for the separation  of the fragm ents. A 
second procedure would be to change the num ber o f e lec trophoretic  steps for 
isolation of 100 X L (which w ould allow m ore purity and m ore concentrating  steps, 
since the isolates of several gels could be placed into one for fu rther gel e lec tropho­
resis). T he third procedure would be to cleave the polypeptides in an aqueous 
phase, which would allow fo r a  b e tte r stacking o f the sam ple, and it would also 
perm it to  obtain  a higher concentration  of po lypeptides/fragm ents. T h e  first two 
approaches w ere pursued extensively, rendering no m ajor re lie f to the problem s at 
hand (results not shown). T h e  third approach, despite some glitches, resu lted  m ore 
profitable, as described below.
3. CNBr cleavages in an aqueous medium.
A. Preliminary experiments.
At this point it was certain  that the poor stacking o f the sam ples contained  in 
d ifferent gel pieces was due to  poor solubilization of th e  pep tides re leased  during 
cleavage, since it was expected that several fragm ents would be ren d ered  very
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hydrophobic and, therefore, susceptible to aggregation. In fact, when cleaving the 
polypeptides in an  aqueous m edium , form ation of som e aggregates was observed 
during the incubation with CNBr. Even m ore, a fte r lyophilization of the sam ples (to  
elim inate the rem aining CNBr), the hard  solid rem nants could not be resolubilized 
in the Sam ple Buffer (50 mM  Tris-H Cl pH  6.8, 2 %  LDS, 4.4 %  sucrose and BPB), 
even after increasing the concentration o f LDS, changing the pH  of the buffer, and 
utilizing recom m endations of published procedures [97, 126, 137, 140, 147, 208, 234, 
265, 322]. The electrophoretic separation  o f w hat could be resolubilized was 
negligible for CPa-2, CPa-1 and 100 XL. MSP seem ed som ew hat unaffected by the 
cleavage in an aqueous phase, rendering the expected two fragm ents, but w ithout 
band  multiplicity (not shown). W ith the exception of MSP, practically no fragm ents 
could be observed for any proteins, and large am ounts of aggregate peptides accu­
m ulated  at the bottom  of the loading wells, and a t the s tack ing/spacer and spac­
er/reso lv ing  gel interfaces (results no t shown). T he search for a solution to this 
aggregation problem  is described below.
B. Utilization of cryoprotectants.
Several procedures have been  developed to minim ize aggregation o f hydropho­
bic (poly)peptides. For example, to resolubilize the residues a fte r lyophilization o f 
the cleaved samples, trifluoroacetic acid [147, 169] or FA  [112] have been used. 
T rifluoroacetic acid has also been included all along the cleavage procedure to keep
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the fragm ents in solution, as well as to elim inate problem s with formylation of 
peptides [126, 234]. In related  studies, solvents which are som ew hat hydrophobic 
[e.g., glycerol, ethylene glycol (EG ), acetonitrile, alcohols, or dimethyl sulfoxide 
(DM SO)], alone or in com bination (e.g., see [282]), have been included to avoid or 
elim inate aggregation of hydrophobic polypeptides. F o r exam ple, glycerol has been 
used during native [1, 231], "semi-native" [158], an d  denaturing  [147, 148, 208] 
p ro tein  electrophoresis, in stabilization o f protein conform ation [111], in renatur- 
ation o f proteins a fte r denaturation  by guanidine hydrochloride [317], or after SDS- 
PA G E  [77, 271], in recovery o f fragm ents after protein  cleavage [62, 147, 208], in 
phase separation  o f m em brane proteins [338], in cryoprotection of m em brane 
phospholipids [9a] and  of polynucleo tide/pro tein  com plexes [180], in prevention o f 
aggregation of m em brane pro tein  complexes [64], in studies on efficiency of picosec­
ond electron  transfer in bacterial photosynthetic reaction centers [260], etc.. Various 
sim ple alcohols have been em ployed in stim ulating the activity of A TPases [216]. 
Sugars [14] and som e salts [15] appear to stabilize protein  structure. M ethanol 
(20 % ) is regularly used to keep the proteins in solution during electroblotting [114, 
316]. Various organic solvents have been em ployed to resolubilize proteins from 
nitrocellulose blots [259]. Glycerol and E G  have been  used to avoid aggregation of 
PS II preparations [210, 300]. Sucrose (usually 400 mM) is regularly utilized for 
work and storage o f PS II preparations. In addition, there is an  extensive body of 
work with cryoprotectants being used to keep native conform ations of proteins and 
peptides, even at subzero tem peratures (Table 3). T herefore, a wide variety of
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Table 3. A  short sum m ary o f cryoprotectants that generally help in m aintaining the 
native conform ation of proteins and peptides at low tem peratures. Cryoprotectants may 
prove valuable in keeping in solution the hydrophobic peptides normally released during the chem ical 
cleavage of PS II proteins.
CRYOSOLVENTS CURRENTLY AVAILABLE
C O M PO SITIO N U SES Refs.
Supercooled w ater droplets suspended in 
nonm iscible solvents Enzym e systems [100]
Inverted micelles with aqueous cores Enzyme systems [100]






Mixed aqueous-organic solvents ’ Enzyme systems
Protein folding
Folding of linear 
peptides 
O thers
[21, 61, 100, 101, 
103, 216, 251] 
[100, 102, 251, 
302, 317]
[235, 285] 
[9a, 17, 99, 111, 
260]
O rganic solvent mixtures ’ Enzyme systems [100, 251]




Vitrification solutions ” Enzyme systems [84, 96]
Liquified rare or inert gases H -bonded complexes [167]
Organic solvents include m ethanol, ethanol, glycerol, DM SO, EG , etc..
Vitrification solutions were included because, even though solid at subzero temperatures, they 
may be utilized to study protein folding interm ediates (e.g., by spectroscopy) thanks to 
their glassy transparency.
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cryoprotectants (e.g., glycerol, 1G , DM SO, o ther simple alcohols, sorbitol, sucrose, 
etc.) are available. C ryoprotectants may be particularly useful since alm ost invari­
ably one of the steps o f a cleavage p rocedure  is lyophilization o f the cleaved protein, 
which may induce aggregation o f hydrophobic peptides upon their concentration  in 
the vanishing solvent.
It was thought that the observed aggregation of hydrophobic peptides released 
during CPa-2, CPa-1 and 100 X L cleavages could be circum vented by employing 
som e mild organic com pounds, as well as o ther cryoprotectants, during the whole 
cleavage and electrophoretic  procedures. It was expected that cryoprotectants would 
help not only in keeping the  hydrophobic peptides in solution during the cleavage 
stage, but they would also aid in resolubilizing the peptides a fte r lyophilization (a 
low tem peratu re  step), especially if rem nants of the  cryosolvent stayed in the lyophi- 
lized sam ple. So som e mild chem icals (e.g., alcohols, DM SO, EG, sugars, detergents 
and o ther cryoprotectants) w ere included during the CN Br cleavage of proteins 
solubilized in an  aqueous m edium . A  m ethodic search ensued by utilizing many 
cryoprotectants at various concentrations during the whole cleavage procedure, 
followed by analytical e lec trophoretic  separations in minigels. U nreliab le yet 
encouraging results w ere ob tained w ith m ethanol, e thano l and glycerol. B etter 
results w ere atta ined  with 5 - 10 % D M SO, which increased the solubility of frag­
m ents released from  cleavages in aqueous m edia and inside gel pieces (results not 
shown). A dequate  results w ere achieved with 5 - 10 %  E G  during cleavage. 
O ptim al conditions for the subsequent electrophoretic  separation  of the fragm ents
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w ere obtained when the lyophilized sam ples w ere reduced to a paste consistency, 
containing about one tenth  of the E G  originally p resen t in the volum e sam ple. In 
this case, the hydrophobic fragm ents w ere still soluble after lyophilization and, after 
the sam ple was mixed with the Sam ple Buffer, the concentration o f E G  did not 
surpass 10 %  of the sam ple volum e loaded (otherw ise, large distortions o f the 
polypeptide bands occurred).
This appeared  to be a p roper system to separate  the highly hydrophobic frag­
m ents released upon trea tm ent of CPa-1 and 100 XL, which tended  to  aggregate 
irreversibly during the cleavage and lyophilization procedure. O ptim al conditions 
are illustrated in Fig 16.A (page 84), which pictures lanes of a silver stained gel from 
an LM W -LD S-PA G E system, used to separate  the fragm ents of MSP, 100 XL and 
CPa-1 cleaved with CN Br in an aqueous m edium  containing 10 %  EG .
Thus, the form ulation of this procedure led to the successful electrophoretic 
separation  of fragm ents from cleavages of 100 XL with CNBr (Figs 17 & 18; page 
85) and with FA (Figs 20 - 22; page 95), followed by the sequencing of crosslinked 
segm ents from MSP and CPa-1 (Fig 23; page 103), which perm itted  to establish the 
close association betw een a 78-amino acid stretch of M SP (from  K 159 tc  K236) and a 
21-am ino acid segm ent of CPa-1 (from  K418 to K438) (see Figs 23 - 25).
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